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The demand for high-quality optical sources to improve the performance of high-speed fibre-
optic communication systems has inevitably led to a rapid increase in the design complexity of 
optical sources designed for telecommunication applications. The main objective of the study 
was to evaluate the possibility of designing a low complexity single-frequency fibre laser 
operating within the C-band fibre-optic communication frequency band. An erbium-doped 
fibre laser was designed in this project, because of its emission spectra which cover the C-band. 
The relevance of the study was associated with the proposed low complexity design and the 
method used to optimize the optical output power quality of the designed erbium-doped fibre 
laser. 
 
 The grating-based erbium-doped fibre laser designed in this project adopted a linear cavity 
configuration. Contrary to classic linear cavity configurations, the resonator of the proposed 
design employed a single fibre Bragg grating and fibre loop mirror to achieve single-frequency 
operation. This combination of resonator mirrors was a simpler and more flexible technique to 
construct an erbium-doped fibre laser operating at any frequency within the C-band. The output 
characteristics of the erbium-doped fibre laser, that can reduce the transmission quality of a 
fibre-optic communication system were characterized and optimized in this project.  
 
This study presented simple optimization techniques for the erbium-doped fibre laser relative 
intensity noise and polarization. The relative intensity noise of the design was optimized by 
optimizing the effects of various cavity parameters on the erbium-doped fibre laser maximum 
optical output power and output power stability. External polarization optimization techniques 
were used to optimize the erbium-doped fibre laser state of polarization. Both these techniques 
were selected to ensure that the designed erbium-doped fibre laser remained simple and that 
there were no additional components used in the cavity.  
 
The designed and optimized erbium-doped fibre laser was integrated with a fibre-optic 
communication system. The application stage of the project was concerned with studying the 
efficiency of the designed erbium-doped fibre laser as an optical carrier wave. The efficiency 
was evaluated by analyzing the transmission quality for the communication link when the 
designed fibre laser was employed as the optical carrier wave. The experimental results 
illustrated that the designed erbium-doped fibre laser exhibited high levels of relative intensity 
noise. The high relative intensity noise was due to the external polarization optimization 
employed before the integration of the designed erbium-doped fibre laser with the 
communication link, to ensure successful integration with the polarization-sensitive fibre-optic 
communication equipment.  
 
Due to the high levels of relative intensity noise, the eye pattern was closed, and it was difficult 
to measure the extinction ratio of the transmission link. The bit error ratio was also difficult to 
measure, because of the high relative intensity noise. The application stage experimental results 
indicated that the designed erbium-doped fibre laser was not yet an efficient optical carrier 
wave for fibre-optic communication systems applications. The inefficiency was due to the fibre 
laser exhibiting arbitrary states of polarization that when externally optimized increased the 
iv 
 
relative intensity noise of the designed erbium-doped fibre laser, and consequently the relative 
intensity noise of the communication link.  
 
This research study illustrated that it was possible to design a low complexity single-frequency 
erbium-doped fibre laser operating within the C-band. However, efforts to optimize the state 
of polarization of the fibre laser are required during the design stage of the project, to ensure 
successful integration with the polarization-sensitive fibre-optic communication systems, and 
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CHAPTER 1: INTRODUCTION 
1.1. BACKGROUND 
Communication is a very important part of human life as it facilitates the spread of knowledge 
between human beings. The human race is spread over different regions of a vast world, thus 
devising communication systems to enable information transfer over long distances has always 
been a key interest. Through years of research, long-distance communication networks were 
established with three fundamental elements. These elements include a transmitter, 





The advent of the fibre-optic communication field was in the 1970s. Fundamental research 
developments of optical communication systems in the early seventies included the reduction 
of optical fibre attenuation from 1000dB/km to 20dB/km, and the first demonstration of a 
lightwave communication system operating near 800nm at up to 2.3Mbps bit rate, with a 32km 
electronic repeater spacing in 1978 [1], [2], [3]. These developments have led to tremendous 
breakthroughs in fibre-optic communication systems. Some major research activities include 
attenuation reduction in the signal transmission path between the transmitter and the receiver, 
efforts to increase repeater spacing for long-haul communication, an improvement in the data-
carrying capacity of the systems, as well as reducing pulse dispersion over the communication 
link [2], [3]. In the late 1970s, signal attenuations were reduced to below 5dB/km through 
developments in the optical fibre waveguide and suitable low-loss fibre jointing techniques [3]. 
The electronic repeaters limited longer transmission paths and information rates of lightwave 
systems. This was due to the noisiness and the optical-electrical-optical (OEO) conversion to 
achieve signal amplification. Furthermore, electronic repeaters introduced the disadvantages 
of high cost and complexity for multi-channel lightwave systems [2]. 
Optical amplifiers were introduced in 1985 by a research group at Southampton University in 
the UK [2]. The research group presented the possibility of optical fibres doped with the rare-
earth element, erbium, exhibiting signal gain near the 1550nm wavelength spectrums. 
Therefore, these rare-earth doped fibres could replace electronic repeaters. The very first 
erbium-doped fibre amplifier (EDFA) was demonstrated in 1987. These optical amplifiers 
illustrated the capability of up to 5Gbps bit rates over 14000km transmission distances. This 
performance was proved to be 140 times better than an unrepeated 4Gbps over 100km 
transmission system achieved in 1985 [2]. Pulse broadening due to dispersion is one of the 
major limiting factors in fibre-optic communication systems. Signal dispersion is a product of 
fibre nonlinearity Kerr effects and the finite linewidth over which the optical source emits [4]. 
The development and use of dispersion-shifted fibres and ultra-narrow linewidth lasers were 
demonstrated in mid-1980 as an approach to reduce the effects of pulse broadening due to 
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Figure 1: Generic communication system [3] 
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optic communication systems have been the basis for increased research activities to further 
explore the potential of these systems. 
Optical communication systems consist of optical equivalents of the fundamental elements of 
a general communication system described in Figure 1. However, what sets them apart from 
other systems such as microwave systems is the frequency range in which the carrier wave 
operates to carry information [5]. Optical carrier waves typically operate at ~200THz contrary 
to the ~1GHz for microwave carrier waves. The data-carrying capacity, also known as the 
bandwidth of communication systems is frequency-dependent, thus the high optical carrier 
frequencies provide a strong potential for increased data carrying capacities. The bandwidth of 
optical communication systems can potentially be higher by a factor of up to 10000 than 
electrical communication systems merely because of their high-frequency carrier waves. This 
incredible bandwidth potential of optical communication systems is a leading factor in the 
consistent development and deployment of such systems [5], [6]. 
Optical communication systems are divided into two broad categories: guided and unguided 
systems. Guided optical communication systems are based on the spatial confinement of the 
transmitted optical beam in optical fibre, thus these systems are often referred to as fibre-optic 
communication systems. In unguided optical communication systems, the transmitted optical 
beam spreads in space like the spread of microwaves in wireless microwave communication 
systems. When compared to wireless microwave systems, unguided optical communication 
systems are less suitable for broadcasting applications due to their relatively short wavelengths. 
Furthermore, signals from unguided optical communication systems substantially deteriorate 
by scattering effects in the atmosphere [5]. 
The point-to-point connection between the transmitter and the receiver in guided optical 
communication systems makes them more suitable for terrestrial applications. Developments 
in these systems have been particularly for telecommunications applications [1], [3], [5]. These 
systems help connect the world via submarine and terrestrial cables as illustrated in Figure 2. 
 
Figure 2: Transatlantic fibre optic cables [7] 
In Figure 2, various continents such as North America and Europe are connected via optical 
fibre cables in the North Atlantic Ocean. Telecommunications applications are broadly 
classified into long- and short-haul data transmissions. The classification is dependent on the 
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optical signal transmission distance. Short-haul transmissions typically have ~10km 
transmission distances and long-haul transmissions can have transmission distances of 
hundreds of kilometres [5]. Fibre-optic communication systems are highly suitable and 
desirable for long-haul telecommunications applications due to the high bandwidth-capacity 
requirement over long distances. Due to the attractive bandwidth properties of these 
communication systems, transmission distances of up to thousands of kilometres can be 
achieved. Periodic optical signal regeneration is still required to achieve such long distances; 
however, fewer repeaters are required due to the larger repeater spacing in these systems 
compared to coaxial systems. Furthermore, the development of optical amplifiers promoted an 
increase in information rates and data transmission distances at low error rates due to the 
elimination of the OEO conversions in long-haul transmission links [5] [6]. 
The current state of the art optical communication systems operates at ~1020 bits/s-km bit rates, 
due to the previously mentioned systems limiting factors [8]. These bit rates are relatively high 
when compared to other communication systems, but they are relatively low considering the 
potential provided by the high carrier frequencies of optical communication systems. This 
illustrates that these systems are not operating at their optimal potential. Therefore, over the 
years research and development efforts have been dedicated to improving the data-carrying 
capacity of these systems [9]. 
Since the 1980s various techniques related to increasing the transmission capacity of optical 
fibre closer to the Shannon limit [10] have been proposed and implemented. These research 
efforts included the fabrication of improved low-loss single-mode transmission fibres, the 
integration of erbium-doped fibre amplifiers (EDFAs) in long-haul transmission links, the 
implementation of wavelength division multiplexing (WDM), high spectral efficiency coding 
through digital signal processing (DSP) enabled coherent transmission, and space division 
multiplexing (SDM). The increase in the transmission capacity of optical fibre with the 
implementation of these various technologies over the past four decades is illustrated in Figure 
3 [7]. 
 
Figure 3: Optical fibre transmission capacity evolution since 1980 [7] 
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Other optical fibre-based developments to increase the data-carrying capacity of the channel 
have been motivated by fibre dispersion effects leading to the deployment of dispersion-shifted 
fibres and various dispersion compensation techniques to account for pulse broadening at the 
receiver end [11], [12]. However, the frequency dependence of the optical fibre refractive index 
is not the only factor considered in reducing dispersion attenuation. The laser linewidth 
employed as the carrier wave of a fibre-optic communication system plays a significant role in 
the pulse broadening effect due to chromatic dispersion in the fibre. Research continues to 
explore the design and implementation of narrow-linewidth lasers as important backbones of 
efficient fibre-optic communication systems [9], [13], [14], [15], [16]. 
Fibre lasers have been a very active area of research in the field of optics [17]. Erbium-doped 
fibre lasers (EDFLs), are most desirable for application in fibre-optic communication systems. 
This is because of their attractive qualities such as their emission spectrum covering the 
conventional band (C-band) and the long band (L-band), a narrow linewidth, good optical 
signal to noise ratio (OSNR), and ease of construction [16], [18], [19]. Grating based EDFL 
configurations have been shown to further improve the linewidth of these optical sources to a 
few kilohertz (kHz), especially with the implementation of 𝜋-phase shifted fibre Bragg gratings 
(FBGs) to create short cavity distributed feedback (DFB) lasers [13]. 
1.2. PROBLEM DISCUSSION 
Single frequency fibre lasers find favour in fibre-optic communication systems due to their 
attractive characteristics, such as a narrow linewidth for low chromatic dispersion which can 
increase the data-carrying capacity of these systems, a stable and high optical output power for 
improved OSNR, and small size for system compactness [16], [18]. Several single-frequency 
fibre laser configurations possessing these qualities are often grating-based; employing at least 
two FBGs as resonator mirrors [16], [20], [21]. FBGs are fibre-based filters that greatly 
enhance the beam qualities of a fibre laser. Linear cavity configuration lasers are an example 
of fibre lasers that employ two FBGs in the cavity. Linear cavity configuration lasers are 
famous for their simplicity and their suitability for single-frequency operation [22]. Research 
into linear cavity configuration lasers has diminished over the past few years, because of the 
promising qualities reported for single grating-based fibre laser cavities [16], [23]. 
Single frequency fibre laser configurations employing a single FBG are often used in the design 
of DFB lasers and ring cavity configuration lasers. Due to their relatively short cavity and the 
use of 𝜋-phase shifted FBGs, DFB lasers possess ultra-narrow linewidths and low noise 
properties making them highly desirable for low chromatic dispersion long-haul fibre-optic 
communication systems [13], [16], [23]. However, DFB lasers are complex and cannot be 
easily replicated by individual researchers who cannot afford the expensive equipment needed 
to achieve their special design of the 𝜋-phase shifted FBG printed on a short active fibre. Fibre 
lasers employing a ring cavity configuration are a lower complexity alternative to DFB lasers. 
These optical sources can be replicated and modified with ease by various researchers because 
they use commercially available components and equipment. However, ring cavity 
configuration lasers require the utilization of more fibre components including isolators and 
circulators in the cavity. This results in a long cavity which has been linked to linewidth 
broadening of the optical beam due to the introduction of densely spaced longitudinal modes 
in the cavity [24]. 
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This research project aimed to answer the following research question: Can single frequency 
grating-based fibre lasers be optimized for low complexity while still possessing desirable 
output power qualities for telecommunication applications? 
1.3. RESEARCH OBJECTIVES 
This research was concerned with answering the research question by designing, 
characterizing, and optimizing a low complexity single frequency grating-based fibre laser. 
The designed fibre laser should produce an optical beam that possesses beam qualities 
sufficient for an application in a fibre-optic communication system. The project research 
objectives can be broadly broken down into the following: 
1. Design a low complexity single-frequency fibre laser operating within the C-band fibre-
optic communication frequency band. 
2. Determine the effects of various cavity parameters on the maximum optical output 
power and output power stability related to the relative intensity noise of the designed 
EDFL output beam. 
3. Optimize the designed EDFL for optimal maximum optical output power and output 
power stability. 
4. Integrate the designed and optimized EDFL with a fibre-optic communication system 
and study the integration efficiency and transmission quality of the transmission link. 
Meeting these objectives will help to answer if it is possible to design a low complexity, single-
frequency fibre laser, that adheres to the telecommunication requirements of an optical carrier 
wave. 
1.4.  RESEARCH METHODOLOGY 
In this section, the research design and research process adopted in this study to conduct a 
systematic investigation of the research question, achieve the research objectives, and reach a 
valid conclusion are described. Research is the use of tools of experience and reasoning to 
better understand a particular field of study. It is not conducted randomly but undertakes a 
systematic approach. The term systematic is key in describing research because it suggests that 
a logical approach is taken in conducting research and it does not merely rely on one’s beliefs 
[25]. Good research has three important characteristics [25]: 
• Data is systematically collected. 
• Data is systematically interpreted. 
• The research has a clear purpose. 
A research methodology can be defined as a systematic and theoretical analysis of research 
philosophies, methods, and approaches applied to understand a field of study. It offers the 
theoretical fundamentals for a researcher to understand which methods or practices are most 
suitable for conducting a research study [26]. The major influence on the methodology of this 
research is Saunder’s research onion model [25]. The research onion model illustrated in Figure 
4, metaphorically presents how various research elements are examined to successfully derive 




Figure 4: The research onion adapted from [25] 
The research onion illustrated in Figure 4, consists of six layers that require informed decision 
making by the researcher before deciding on the overall research approach and data collection 
technique. The research onion model layers include research philosophy, research approach, 
research strategy, research choices, time horizon, and research techniques and procedures. 
1.4.1. Research philosophy 
The research philosophy adopted by a researcher contains important assumptions about the 
way the researcher views the world. These assumptions, derived from the chosen research 
philosophy, underpin the research strategy and research method that the researcher will choose. 
The opinions researchers have on knowledge (ontology), and how it is developed ( 
epistemology) influence the philosophy (paradigm) that the researcher adopts [25]. The 





The philosophical orientation of this study 
In this research study, positivism was chosen as the research philosophy. The ontological 
perspective was that this research study has a single reality because if this study was replicated 
the results and conclusions would be the same. Furthermore, the experimental strategy adopted 
for this study motivated the epistemology stance. The epistemological stance of this research 




1.4.2. Research approach 
The research approach is the second layer of the research onion model; it describes a research 
process that can be followed when conducting a research study. The research process comprises 
sequential steps necessary to carry out a reliable research study [25], [26]. It is dependent on 
the type of research that is conducted. Research is initiated by a form of reasoning related to 
either observation or theory. There are two broad methods of reasoning in research, known as 
inductive and deductive reasoning [26]. These methods of reasoning led to two broad 
categories of research approaches which are the inductive and deductive research approaches 
as illustrated in Figure 5 [25], [26], [27]. 
 
Figure 5: Research approaches 
Deductive approach 
The deductive research approach is also known as the ‘Top-down’ approach. It is mainly 
concerned with deriving a hypothesis from previously existing theories in a specific field of 
study [25], [26], [27]. Research studies adopting the deductive approach aim to confirm or 
reject some hypothesis to revise previously existing theories as illustrated in Figure 5. 
Inductive approach 
The inductive research approach is also known as the ‘Bottom-up’ approach. This approach is 
mainly concerned with the building of theories in a specific field of study. It is motivated by 
an observation made by the researcher. A research question is often derived from the 
observation made. Answering the derived research question is often facilitated by a collection 
of data using various methods. The collected data is used to derive a theory to answer the 
research question [25], [26], [27] as illustrated in Figure 5. 
The research approach of this study 
This research study adopted the inductive research approach based on observational (inductive) 
reasoning. The prominent use of the complex DFB fibre lasers in the field of fibre-optic 
communication systems due to their attractive characteristics compared to other fibre laser 
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configurations was observed. DFB fibre lasers are complex due to their specialized fabrication 
techniques that limit the possibility of their construction to a few manufacturers. It was of 
interest to investigate the possibility of designing a low complexity fibre laser that possesses 
similar characteristics, such that any researcher or manufacturer could be able to reconstruct it 
with ease using commercially available components and equipment. 
1.4.3. Research strategy 
The research strategy is the third research onion model layer that addresses the process of a 
research design followed by the research choices and time zones. The research design is the 
process by which a research question turns into a research project [25]. It is a general roadmap 
that a research project will follow to answer the research question. The research question, 
research objectives, time allocated for the research study, and other resources available to the 
researcher are the determining factors of the adopted research strategy. The research onion 
model describes seven research strategies that can be adopted by a research study [25]: 
i. Experiment 
ii. Survey 
iii. Case study 
iv. Action research 
v. Grounded theory 
vi. Ethnography 
vii. Archival research 
The research strategy for this study 
The research strategy employed is dependent on the type of research study conducted. The 
types of research studies are exploratory, descriptive, and explanatory [25]. This research study 
was mainly associated with an explanatory study. Explanatory studies are concerned with the 
establishment of a relationship between variables [25]. Thus, the experimental research strategy 
was the most suitable for this research study because it is efficient in identifying the relationship 
between different variables. Furthermore, this research strategy is often chosen in the field of 
optics for its reliable data outputs. This is because various factors can influence the results in 
this field, and often studies do not take into account all these factors such that comparative 
studies cannot be efficiently conducted.  
1.4.4. Research method 
The next layer of the research onion model describes the research methods that can be 
employed in various research studies. There are three research methods in the research onion 
model as illustrated in Figure 4. The first research method is the mono-method, the second is 
multi-method, and the last one is the mixed-method. The mono-method employs a single data 
collection technique and corresponding data analysis which are either qualitative or 
quantitative. In the multi-method research method, multiple methods from either the qualitative 
or quantitative data collection and analysis techniques can be employed whereas, in mixed-
method research, both qualitative and quantitative data collection and analysis techniques are 




 Research method for this study 
In this study, the mono-method was adopted. This research method was chosen because the 
data required to answer the research question as per the chosen experimental research strategy 
was dependent on quantitative data collection and analysis techniques.  
1.4.5. Time horizon 
This layer of the research onion method is related to the duration of the research study. It is 
divided into two categories, namely, the cross-sectional studies and the longitudinal studies. 
The cross-sectional study is also known as ‘snapshot’ research; these studies are time-
constrained such as research projects undertaken for academic studies. In longitudinal studies, 
research is conducted over a longer period wherein a series of ‘snapshot’ studies can be 
conducted [25]. The main advantage of longitudinal studies is that a comparison of collected 
data from various snapshot studies can be conducted to achieve a more reliable result. In this 
research study, the cross-sectional study was adopted because of the time constraints of the 
master’s degree. The main limitation associated with cross-sectional studies is the confinement 
to a particular time. 
1.4.6. Technique and procedure 
The core of the research onion model is the techniques and procedures layer. This layer includes 
data collection and data analysis. The main concern of this layer is to ensure that the research 
is not biased when collecting and analysing data. The data collected in this inductive study is 
facilitated by the research objectives devised to answer the research question. Figure 6 
illustrated a systematic experimental methodology planned to help answer the research 
question. 
 
Figure 6: Research experimental data collection block diagram 
The experimental data collection block diagram presented a summary of the procedure and 
data collection methods used in this research study. The experimental studies were divided into 
an EDFL design and telecommunications application studies as illustrated in Figure 6. The 
design studies were related to experimental studies conducted during the design stage of the 
project to meet the first three research objectives. The main objective of the design studies was 
to design a functional low complexity single frequency EDFL with a high OSNR to meet the 
first three research objectives. The telecommunication applications studies were related to 
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experimental studies conducted during the application stage of the project to meet the fourth 
research objective. The main objective of the telecommunication experimental studies was to 
integrate the designed EDFL with a fibre-optic communication system and study its efficiency 
as an optical carrier wave. 
1.5. DISSERTATION LAYOUT 
The dissertation comprises seven chapters as illustrated in Figure 7. 
 
Figure 7: Dissertation layout 
The introduction chapter provided an overview of the fibre-optic communication field. This 
chapter described the inductive research approach taken to execute this research project. The 
research problem, objectives, methodology, and dissertation layout are important topics 
presented in the first chapter to help the reader understand the general scope of the research 
project. 
Chapter two was dedicated to the fundamental theory of fibre lasers from the quantum photon-
atom interaction to various fibre laser cavity configurations. The literature detailed in Chapter 
two was important to understand to meet the first research objective. The first research 
objective was to design a low complexity, single frequency EDFL operating within the C-band 
fibre-optic communication frequency band. Understanding the physics that enables 
electromagnetic (EM) wave generation in optical fibre formed the basis for designing a 
functional EDFL configuration. 
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Chapter three highlighted important literature on the desirable output characteristics for optical 
sources designed for telecommunication applications. The literature on achieving single-
frequency operation in grating-based fibre lasers was presented to help meet the single-
frequency design specification of the first research objective. The temperature sensitivity of the 
FBG mode selective filter was also discussed in this chapter. The literature on the importance 
of a high OSNR and low relative intensity for lasers designed for telecommunication 
applications was also discussed in Chapter three. The method used in this project to optimize 
the optical output power quality of the designed EDFL was also presented in this chapter. This 
literature was important to help meet the second and third research objectives. The second 
research objective was to determine the effects of various cavity parameters on maximum 
optical output power and output power stability related to the relative intensity noise of the 
designed EDFL output beam. The third research objective was to optimize the EDFL maximum 
optical output power and output power stability. 
Chapter three further presented literature on EDFL output characteristics that were not 
optimized during the design stage of the project, namely, the state of polarization and the 
linewidth. These characteristics were important for the successful integration of the designed 
EDFL with a fibre-optic communication system to meet the fourth research objective. The 
fourth research objective was to integrate the designed and optimized EDFL with a fibre-optic 
communication system and study the integration efficiency and transmission quality of the 
transmission link. Therefore, this chapter also presented literature on two techniques used in 
this project to study the transmission quality of the communication link when the designed 
EDFL was employed as the optical carrier wave. 
In Chapter four the design of a low complexity single-frequency EDFL operating within the 
C-band fibre-optic communication frequency band was presented. The EDFL design was 
proposed and the operating principle was discussed. This chapter considered the design 
specifications highlighted by the first research objective to design the EDFL. The first research 
objective was to design a low complexity single-frequency EDFL operating within the C-band 
fibre-optic communication frequency band. The first research objective was met in Chapter 
four as illustrated in Figure 7. 
In Chapter five, the experimental studies conducted during the design stage of the project were 
presented. The experimental characterization of the individual components used to realize the 
proposed EDFL design was presented in this chapter. Furthermore, the effects of various cavity 
parameters on the EDFL maximum optical output power and output power stability related to 
the relative intensity noise were characterized and optimized to meet the second and third 
research objectives. The second research objective was to determine the effects of various 
cavity parameters on maximum optical output power and output power stability related to the 
relative intensity noise of the designed EDFL. The third research objective was to optimize the 
effects of various cavity parameters on the maximum optical output power and output power 
stability of the EDFL. Moreover, the EDFL wavelength stability experimental characterization 
was also presented in Chapter five. The second and third research objectives were met in 
Chapter five as illustrated in Figure 7. 
In Chapter six, the EDFL telecommunication application experimental studies were presented. 
The EDFL state of polarization was characterized and optimized in this chapter to ensure 
successful integration with the fibre-optic communication link. The linewidth of the EDFL was 
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also characterized in Chapter six to determine a suitable transmission distance for the fibre-
optic communication link using the designed EDFL as the optical carrier wave. The EDFL 
integration efficiency and transmission quality experimental studies were presented in Chapter 
six to meet the fourth research objective. The fourth research objective was to integrate the 
designed and optimized EDFL with a fibre-optic communication system and study the 
integration efficiency quality of the transmission link when the EDFL was used as the optical 
carrier wave. The fourth research objective was met in Chapter six as illustrated in Figure 7. 
In Chapter seven, the overall conclusion of the research project was presented. An overview of 
the problem discussion, research question, research objectives and the research methodology 
was presented. A summary of the literature and the experimental chapters presented in this 
dissertation was given. The conclusions drawn from the experimental chapters were discussed 
and used to answer the research question. The research question was “can single frequency 
grating-based fibre lasers be optimized for low complexity while still possessing desirable 
output power qualities for telecommunication applications?”. Furthermore, future research 
work for this research project was also discussed in this chapter. 
1.6. CONCLUSION 
This chapter presented an overview of the research project. Important background information 
was first presented to help the reader understand the research field of this project. At the 
inception of the research study, an observation was made from the literature that led to the 
presentation of a problem discussion. The problem discussion motivated and facilitated the 
research question and research objectives. The fundamental research methodology was 
presented to plan the research design and conduct a reliable, repeatable, and systematic research 
study. Through implementing the fundamental research methodology described by the research 
onion model, the research was narrowed down to a positivism research philosophy study that 
adopted an inductive research approach. Furthermore, the research study adopted an 
experimental research strategy and mono-method study that adhered to quantitative data 
collection and analysis techniques. Lastly, a brief overview of the dissertation layout to help 
the reader navigate between the different chapters was presented. In Chapter two, the literature 






CHAPTER 2: FIBRE LASER THEORY 
2.1.  INTRODUCTION 
In this chapter, the literature on the fundamental principles of the physics that enable laser 
action is reviewed to help meet the first research objective. The first research objective was to 
design a low complexity single-frequency EDFL operating within the C-band fibre-optic 
communication frequency band. This chapter consists of four core sections excluding the 
introduction and conclusion sections. In the first section, the literature on laser fundamentals is 
reviewed to build an understanding of the important quantum processes that enable laser action. 
This section gives an overview of the fundamental laser theory related to photon and atom 
interaction that led to the postulation of a radiative process known as stimulated emission, the 
quantum processes that enable stimulated emission, the three fundamental elements of a laser 
cavity to sustain stimulated emission, and the longitudinal modes formed in a laser cavity. 
The second section of this chapter presents the literature on EDFLs, to help the reader 
understand the operating principle of this type of optical source. Rare-earth doped fibres are 
first briefly discussed in this section, thereafter the literature on erbium-doped fibre and their 
optical transitions are presented. In the third section, the two fundamental EDFL configurations 
are discussed, to build an understanding of the different orientations that can be adopted to 
realize an EDFL. Lastly, the advantages and disadvantages of fibre lasers compared to other 
types of lasers are presented in the fourth section of this chapter. 
2.2. LASER FUNDAMENTALS 
LASER is an acronym given to the generation of a highly coherent, narrow linewidth, 
diffraction-limited, monochromatic optical beam. The acronym for the optical amplifier stands 
for Light Amplification by the Stimulated Emission of Radiation (LASER); with the keywords 
being amplification and stimulated emission [28] The advent of laser optical sources was in the 
early 1960s. Since then, they have been a prominent optical source that has provided the 
stimulus to make optics one of the most rapidly growing scientific and technological fields of 
study to date [28]. Light amplification in lasers is achieved by the principle of photon 
interaction with atoms. The theoretical background to these optical sources was made possible 
by Albert Einstein in 1916 after his study predicted the existence of a new radiative process 
called stimulated emission. However, his discovery remained unexploited until the 1950s. 
Research into his study commenced in the year 1954 when C.H. Townes and co-workers 
developed a microwave amplifier based on Einstein’s predicted stimulated emission radiative 
process. This amplifier was called a maser [28]. 
In 1958, A. Schawlow and C.H. Townes furthered laser research in adopting the principle of 
masers to design lasers that operating in the visible region. This led to the design of the first 
laser device in 1960 by T.H. Maiman. The laser used a ruby crystal as the amplification medium 
with a Fabry-Pẻrot optical cavity as the resonator. This ruby laser emitted an intense red optical 
beam at a wavelength of 694.3nm. The ruby laser opened a platform for the development of 
other lasers by using different amplifying media for lasers operating at various spectral bands. 
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Shortly after the ruby laser A. Javan and associates developed the first gas laser using helium-
neon in the amplifying medium, which emitted a beam in both the infrared and visible 
regions,1.15µm and 632.8nm, respectively [28]. The ruby and helium-neon lasers formed the 
basis for research into the rapidly growing applications of the intense and coherent light 
provided by lasers along with fibre-optic cables and semiconductor optoelectronic devices in 
the field of optics. 
2.2.1. Photon and atom interaction 
Einstein’s quantum theory of radiation explores the effects of matter (collection of atoms) and 
radiation (photons) interaction. His study predicted a radiation process known as stimulated 
emission that forms the basis of laser action. In his study, Albert Einstein showed that for a 
state of equilibrium to exist between these quantum particles, a radiative process called 
stimulated emission was required. He stated that the interaction between atoms and photons 
can only be explained in terms of three basic processes: spontaneous absorption, spontaneous 
emission, and stimulated emission [28]. 
Atoms consist of electrons in different energy levels around a nucleus made up of protons and 
neutrons. The energy bands have several energy-dependent electrons bound to them. The 
condition for an electron to occupy an energy level is that it should possess an energy equivalent 
to that energy level. The electrons can absorb external energy from incident photons and can 
be excited to various energy levels. The energy of a photon is given by: 
 𝐸 = ℎ𝑣 (2.1) 
where E is the photon energy, v represents the photon frequency, and h is Planck’s constant 
[29]. To evaluate absorption and emission processes that occur during matter and radiation 
interaction at assumed thermal equilibrium, a two-level structure is used to demonstrate these 
processes. 
If the system is in a state of thermodynamic equilibrium the number of electrons, N1, in the 
ground state energy level, E1, and the number of photons in the radiation field remain constant. 
The total number of photons remains constant because the absorption and emission processes 
that add and remove photons from the incident radiation field occur at a constant rate. This is 
also the case during emission processes as for every N2 electron moving from the arbitrary 
excited energy level E2 to E1 there is an N1 electron undergoing absorption so that N1 and N2 
remain constant [28], [30], [29]. 
Spontaneous absorption 
Absorption is the initial and most fundamental process that occurs during photon and atom 
interaction. This can be defined as the process by which electrons absorb energy from incident 
photons and are excited to higher energy levels. The arbitrary excited state of the electron is 
dependent on the photon energy, hv= E2 -E1. The absorbed photon energy must be equivalent 
to the bandgap energy between the electron ground state and the excited state [30]. The 
absorption process illustrated in Figure 8 is said to be spontaneous because it is dependent on 




Figure 8: Spontaneous absorption in photon-atom interaction adapted from [28] 
The incident photon with energy hv is absorbed by the atom and the electrons are excited from 
the ground state E1 to the arbitrary excited state E2 as illustrated in Figure 8. This results in the 
depopulation of the ground state depending on the incident photon flux. The rate at which the 





) = −𝐵12𝑁1𝜌(𝑣) 
(2.2) 
where B12 is the absorption coefficient from the ground state to the excited state and 𝑝(𝑣) is 
the frequency dependent photon density [28]. 
Emission process  
Emission is the process by which an electron releases the spontaneously absorbed energy 
resulting in a transition from the excited state to the original ground state. The energy released 
can either be radiative or nonradiative. A radiative transition releases a photon, a fundamental 
packet of light; whereas a nonradiative transition releases a phonon, a vibration that converts 
the released energy into heat, and thus increasing the temperature in the material. This electron 
transition can occur spontaneously or by stimulation [28], [29]. 
Spontaneous emission  
The spontaneous emission of the photon is solely dependent on the lifetime ῖ of the excited 
state. Various energy levels have distinctive lifetimes. Energy level lifetimes can be defined as 
the time duration that an excited electron can occupy an excited state. After the lifetime has 
lapsed, the electrons release photon energy equivalent to the absorbed energy hv. The photons 
emitted through this transition are referred to as spontaneous emission, because the photon 
phase and direction in which it is released are random, as illustrated in Figure 9 [28], [29]. 
 
Figure 9: Spontaneous emission in photon-atom interaction adapted from [28] 
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When electrons in the excited energy level E2 spontaneously decay they release a photon of 
energy hv = E2 – E1 as illustrated in Figure 9. This energy packet contributes to the radiation 
field i.e. photon population, while simultaneously decreasing the population of the excited state 






) = −𝐴21𝑁2 
(2.3) 
where A21 is Einstein’s spontaneous emission coefficient from E2 to E1, N2 is the excited state 
population related to E2. A21 is the inverse of the excited state E2 spontaneous radiative lifetime 
ῖ, and is given by [28], [29]: 
When spontaneous emission is the only emission process taking place in the system, the 
solution to the spontaneous emission differential equation yields [28], [29]: 
 𝑁2(𝑡) = 𝑁20𝑒
−𝐴21𝑡 (2.5) 
When the decrease in the N2 population is solely dependent on the spontaneous radiative 
lifetime ῖ. The N2 population decreases at a rate of N2/ῖ while increasing N1 at the same rate. 
The rate of spontaneous emission does not refer to the prior presence nor absence of a radiation 
field [28]. The spectral beam produced through spontaneous emission has a large spectral width 
comprising several spectral components due to the random radiations of the released photons 
[30]. This large spectral width characteristic is not ideal for laser applications and is best suited 
for optical sources such as light-emitting diodes (LEDs) [29]. 
Stimulated emission 
The second significant laser emission process is stimulated emission. This transition occurs 
when an incident photon is not absorbed by ground state electrons, instead, it stimulates an 
electron in the arbitrary excited state to radiatively release a photon and decay to its ground 
state [28], [29]. The photon released through this stimulation is identical to the incident photon 
in terms of direction, phase, frequency, and polarity [30] as illustrated by Figure 10. Stimulated 
emission forms the basis for laser technology implementation [29]. 
 
Figure 10: Stimulated emission in photon-atom interaction adapted from [28] 
 ῖ = 1 𝐴21
⁄  (2.4) 
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The rate at which the N2 population of E2 decreases due to stimulated emission of radiation is 





) =  −𝐵21𝑁2𝑝(𝑣) 
(2.5) 
where B21 is Einstein’s stimulated emission coefficient and p(v) is the frequency-dependent 
photon density. The study states that the coefficients of the rates of absorption, B12 and 
stimulated emission and B21 are closely related. In fact, under conditions of nondegeneracy of 
the quantum states E1 and E2 these coefficients are equal. In quantum mechanics, an energy 
level is degenerate if more than one quantum state has the same measurable energy [28]. 
Einstein’s quantum theory of radiation study makes four assumptions related to the 
implications of the three basic radiation and matter interaction process: spontaneous 
absorption, spontaneous emission, and stimulated emission [28]. 
1. At an arbitrary temperature T, a state of thermodynamic equilibrium exists between 
photons and atoms during photon-atom interaction. 
2. The spectral distribution characteristic of the radiation field p(v) is that of a blackbody 
at temperature T. 
3. At this temperature, electron distribution in the quantum atomic structure is described 
by a Boltzmann distribution for population densities N1 and N2 of energy levels E1 and 
E2, respectively. 
4. The population densities N1 and N2 in the two energy states are assumed to be constant 
in time. 
The rate of change in the population density N2 of the arbitrary excited state E2 considers 
assumptions (1), (4), and the rate equations of the three photon-atom interaction processes. The 
rate of change is expressed by [28]: 
 𝑑𝑁2
𝑑𝑡
= 0 = −𝑁2𝐴21 − 𝑁2𝐵21𝑝(𝑣) + 𝑁1𝐵12𝑝(𝑣) 
(2.6) 
 
Considering assumptions (2) and (3), the spectral energy density p(v) of the blackbody 









The Boltzmann distribution of electrons on the two energy states is given by: 
 𝑁2
𝑁1
= 𝑒−(𝐸2−𝐸1)/𝑘𝑇 = 𝑒−ℎ𝑣/𝑘𝑇 
(2.8) 
From equations (2.6) and (2.8), the radiation frequency is represented by v, such that hv=E2-
E1, T is the blackbody temperature, and k is Boltzmann’s constant. Equation (2.8) is based on 
the special case of nondegeneracy of the energy levels. Solving equation (2.6) for the spectral 









































) = 0 
(2.11) 
Equation (2.11) is an expression that considers all of Einstein’s coefficients. The equation is 
























 𝐵12 = 𝐵21 (2.13) 
From equations (2.12) and (2.13), the following can be concluded in Einstein’s quantum theory 
of radiation study [28]: 
1. Einstein’s fundamental coefficients for absorption and emission A21, B21, and B12 are 
related and consistent, such that when one is known through measurement or 
calculation, all are known. 
2. In the case of nondegenerate energy levels, Einstein’s coefficients for stimulated 
emission B21 and spontaneous absorption B12 are equal. This follows that they are 
inverse processes as far as the rate of occurrence is concerned. However, the rates of 
change in population densities dN2/dt=N2B21p(v) and dN1/dt=N1B12p(v) are different. 
This is because they are dependent on the population N1 and N2 of individual energy 
levels based on the Boltzmann distribution. For the case where N2>N1 incident radiation 
causes stimulated emission which exceeds spontaneous absorption, and thus the 
radiation field p(v) is amplified. However, when N1>N2 the effects of spontaneous 
absorption are dominant in the atomic structure than those of stimulated emission which 
results in the attenuation of the incident radiation field p(v). Due to the requirement of 
stimulated emission of radiation for lasing, it follows that a condition for population 
inversion is necessary where N2>N1.  
3. Equation (2.12) indicates that B21/A21 exhibits a proportional relationship with the 
reciprocal of the cubic frequency v3 meaning, a decrease in the rate of stimulated 
emission yields a smaller B21 compared to A21, where A21 is related to spontaneous 
emission. Therefore, making it more difficult to produce lasers of short wavelengths 
operating in the ultraviolet and X-ray frequency ranges. 
4. The relation between the fundamental Einstein coefficients A21, B21, and B12 is derived 
from the condition for thermodynamic equilibrium. However, the relations are still 
valid under any condition as an operating laser device is hardly a device in 
thermodynamic equilibrium. Yet the atom absorption and emission characteristics 
coefficients A and B are equally valid regardless of whether the atom is in a laser cavity 
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of intense radiation or a hot furnace treated as a blackbody in thermodynamic 
equilibrium [28]. 
2.2.2. Laser operation principle 
The laser is an optical oscillator that produces stimulated emission for light amplification. The 
concept of stimulated emission is based on Einstein’s quantum theory of radiation. His study 
of EM radiation and matter interaction described two significant conditions for successful laser 
action. Firstly, the radiative process of stimulated emission is mandatory for the generation of 
an EM wave. Secondly, to produce a desirable coherent laser beam through effective stimulated 
emission where radiated photons exceed absorption, a process of population inversion must 
occur [28]. Under the conditions of thermal equilibrium presented in Einstein’s quantum theory 
of radiation given by the Boltzmann distribution in equation (2.8), lower energy levels of 
atomic structures commonly contain more electrons than higher energy levels at room 
temperature. However, to obtain optical amplification through stimulated emission, it is 
mandatory to create a nonequilibrium distribution of electrons. This process is known as 
population inversion, where the electron population of excited-state energy levels is greater 
than that of ground state energy levels. When these two conditions are met a desirable optical 
oscillator can be produced [28], [29]. 
The process of stimulated emission for efficient light amplification is dependent on population 
inversion. An atomic structure can possess numerous energy levels with different electron 
distributions. A two-level system is illustrated in Figure 8, Figure 9, and Figure 10. In these 
two-level systems more electrons, N1, occupy the ground state E1 compared to N2 in the upper 
energy level E2. Stimulated emission is impractical in theoretical two-level atomic structure as 
it does not lend itself to suitable population inversion. This is because when E1 and E2 are 
equally degenerate, the probability of spontaneous absorption B12 is equivalent to the 
probability of stimulated emission B21 [29]. However, efficient population inversion can be 
achieved in the three and four energy level atomic structures illustrated in Figure 11. 
 
Figure 11: Population inversion energy-level diagrams of the first two lasers to be invented (a) A three-level structure based 
on the ruby (crystal) laser; (b) A four-level structure based on the He-Ne (gas) laser [29]. 
Both systems have multiple energy levels, however, population inversion for laser action is 
achieved between only two appropriate energy levels. Population inversion is made possible 
by the central metastable state in both systems. The metastable state is an energy level where 
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electrons spend an unusually long time; because it has a longer lifetime compared to other 
energy levels. It is from this metastable state where population inversion and stimulated 
emission of radiation takes place. Initially, both systems follow Boltzmann’s law of atomic 
distribution until suitable photon radiation is introduced into the system where electrons in 
some atoms may be excited [29]. 
The ruby crystal is an example of a three-level atomic structure E0, E1, and E2 as shown in 
Figure 11 (a), E0 is the ground state where more electrons are initially grounded. The metastable 
state is represented by E1, and E2 is the excitation level where ground state electrons are pumped 
to. The helium-neon gas is an example of a four-level atomic structure [29]. This structure 
contains two metastable states E1 and E2 as illustrated in Figure 11 (b). The ground state and 
arbitrary excited energy levels are represented by E0 and E3, respectively. 
For laser action, stimulated emission must occur. Stimulated emission is dependent on 
population inversion between two appropriate energy levels of an atomic structure. Population 
inversion is achieved by the process of pumping, which is the introduction of external energy 
into the structure. Effective population inversion can only be achieved in atomic structures that 
have a metastable state. Spontaneously emitted photons between the lasing energy levels are 
significant for initiating the process of stimulated emission. For a laser beam to be produced, 
the photons radiated through stimulated emission must be confined. A resonator such as a 
Fabry-Pẻrot can be used to confine and direct radiated photons through reflection. Through this 
process, the photons continuously pass through the atomic structure for amplification. A laser 
beam is achieved by coupling a fraction of the amplified population out of the resonator through 
a partially reflective mirror. These essential laser elements are further discussed in section 
2.2.3. 
2.2.3. The laser cavity 
The photon-atom interaction processes are the fundamental principle for light amplification in 
lasers. However, to optimise and sustain the amplification process a resonating cavity is 
required. A resonating cavity is a feedback system that is introduced as highly reflective mirrors 
around the gain medium to sustain the amplification due to stimulated emission. The pump 
source, gain medium, and cavity are three subsystems that are required to construct an optical 
amplifier [30], [31]. Figure 12 illustrated a schematic representation of these three subsystems. 
 




Pumping is the process of introducing energy into the laser medium from an external source. 
The sole purpose of pumping is to excite electrons in the amplifying medium to achieve 
population inversion. The population inversion initiated by pumping ensures that stimulated 
emission takes place to facilitate optical amplification in the laser medium [29].  
There are several types of pump techniques such as optical, electrical, and laser pumping. 
Optical pumping utilises wide spectral width optical sources such as flashlights which consists 
of photons with various wavelengths, to excite different ions in the gain medium. Electrical 
pumping is ideally used in gas lasers such as CO2 lasers, where the use of an intense electrical 
discharge is used to convert the gas in the gain medium into a plasma resulting in the active 
centres colliding inelastically with free electrons for population inversion. Lastly, laser 
pumping is commonly used in fibre lasers, where the absorption spectra of the amplifying 
medium are known [28]. Therefore, the pump radiation from the laser is tuned to a wavelength 
within the absorption range of the atom. Laser pumping was the pumping technique adopted in 
this project because it is the most efficient pumping technique when designing fibre lasers such 
as the one designed in this project [28]. The pumping process can either be continuous or 
pulsed, depending on the type of laser desired [28], [29]. 
Gain medium 
The gain medium otherwise referred to as the amplifying medium is one of the most important 
fundamental elements of an optical oscillator. The photon-atom interaction process for 
stimulated emission occurs in the laser medium for light amplification. The gain medium is an 
active element that contains atoms or ions from solid and gas material. The fundamental 
requirement of a laser gain medium is its ability to promote stimulated emission through 
supporting population inversion between two energy levels of the atoms. The electrons in the 
laser gain medium atomic structure are excited by external energy from a pump source. In the 
case of laser pumping used in this project, the condition for electron excitation is that the 
incident radiation must be within the absorption spectra of the atoms. If pumping is absent or 
not within the absorption spectra, population inversion is impossible, and thus no amplification. 
The type of gain medium used in the laser cavity is often used to name the designed laser, for 
example, the ruby laser uses a ruby crystal as the gain medium, and the helium-neon (He-Ne) 
laser uses the He-Ne gas as the gain medium. The laser medium may be in gas, liquid, or solid 
form, and it is a determining factor of the radiation wavelength produced by the laser, therefore, 
a wide range of laser wavelengths extend from the ultraviolet (UV) to the infrared (IR) region 
[28] [32]. 
Resonator 
When population inversion is achieved through a suitable pump source in the laser gain 
medium elements, sustaining the stimulated emission is mandatory for efficient laser radiation. 
This is achieved by the introduction of the third laser element known as the resonator. The 
resonator is also known as a cavity, is an optical “feedback system” [28], [29]. Reflection 
enables the photons to continuously pass through the amplifying medium, thus sustaining 
population inversion. The basic structure of a cavity is a pair of highly reflective mirrors at 
each end of the cavity. These can be plane or curved mirrors carefully aligned and centred 
along the optical axis of the laser device [29]. The reflectivity of the mirrors is very important 
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and carefully chosen. The reflectivity of one mirror should be close to 100%, and the 
reflectivity of the other mirror should be slightly less than 100% to obtain an optical output 
from the laser. The path distance between the mirrors determines the structure of the EM field 
resonating in the laser cavity. The type of mirror surfaces and the construction of the cavity 
determines the exact distribution of the electric field pattern across the wavefront of the 
emerging laser beam, therefore determining the transverse irradiance pattern of the output 
beam. The laser resonator is comparable to a Fabry-Pẻrot resonator bounded by plane, parallel 
mirrors. The condition for resonance in a Fabry-Pẻrot resonator is given as [29], [31]: 
 2𝑡𝑐𝑜𝑠𝜃𝑡 = 𝑚𝜆 (2.14) 
Therefore, if the laser cavity is a pair of parallel plane mirrors separated by a distance t=L, 
where 𝜃𝑡=0 for all laser photons axially reflected between the mirrors, the Fabry-Pẻrot 
resonance condition becomes [29], [31]: 
 𝑚𝜆 = 𝐿 (2.15) 
where m is the number of oscillating modes in the cavity, the condition in (2.15) is often 
referred to as an integral number of half wavelengths fitting between the cavity mirrors; similar 
to the requirement for standing waves in a vibrating string between two fixed points [28]. 
2.2.4. Sustaining stimulated emission 
Lasers are fundamentally made possible by the principle of stimulated emission and population 
inversion. The gain of the laser cavity is dependent on population inversion. To sustain 
stimulated emission for efficient laser action, the gain of the cavity must be greater than the 
cavity losses [31]. Losses experienced in the resonating cavity are referred to as intracavity 
losses. Intracavity losses are dependent on the predefined cavity components. The loss 
contributors include the partially reflective mirror used to obtain an optical output beam. The 
second prominent source of attenuation in the cavity is the active medium. This is due to the 
reabsorption of photons by electrons in the gain medium depending on the gain medium length, 
known as pump reabsorption. The output power (Pout) of the laser beam is the difference 
between the gain and loss in the cavity. Therefore, if the gain is less or equivalent to the cavity 
losses, laser action is not achieved. To obtain and sustain laser action due to stimulated 
emission, the gain must be greater than the losses in the cavity, analytically represented by the 
condition [31]: 
 𝑅1  ∙ 𝑅2  ∙  ∙ 𝑒𝑥𝑝 (𝐺2𝐿)  ≥  1 (2.16) 
where the product of 𝑅1 𝑅2, and  represent the cavity losses. The second term, exp (G2𝐿), 
represents the cavity gain. 𝑅1 and 𝑅2 are the mirror reflectivities, where 𝑅1=1 is the fully 
reflective mirror reflectivity and 𝑅2<1 is the mirror with a slightly lower reflectivity to obtain 
a laser output,  represents the absorption losses experienced in the active medium, G is the 
cavity gain, and 2L is equivalent to a single round trip travelled by the photon in the cavity 
[31]. Equation (2.16) indicates that the loss and gain product must at least be equal to 1 for the 
laser to operate at the threshold. The relationship between the cavity gain and the intensity of 




Figure 13: Cavity gain and intensity to sustain lasing adapted from [31] 
The gain component is dependent on population inversion as illustrated in Figure 13. In laser 
pumping, population inversion is initiated by the introduction of photons within the absorption 
spectra of the active medium. Population inversion is independent on the photon flux related 
to the incident pump power. The gain of the cavity increases with an increase in population 
inversion [29], [31]. When population inversion is sufficient i.e. higher than Gthreshold, the 
intensity of the laser beam increases linearly for sustained population inversion as illustrated 
in Figure 13. The increase in beam intensity is due to the continuous amplification through the 
gain medium as photons are rapidly reflected between the two cavity mirrors because the cavity 
acts as a Fabry-Pẻrot resonator [29], [31]. The gain saturation is also responsible for the output 
beam stability when the optical gain is greater than the incurred losses within the gain medium. 
2.2.5. Laser cavity longitudinal modes 
The reflection of photons in a laser cavity produces various resonant frequencies. The resonant 
frequencies produce standing waves, as illustrated in Figure 14, to achieve phase correlation 
and produce lasing. Phase correlation is related to the standing waves exhibiting a fixed phase 
relationship for the propagation time, resulting in a fundamental amplification mechanism 
known as constructive interference that yields laser action [29]. 
 
Figure 14: Standing waves 
In a resonant laser cavity, several resonant frequency components can oscillate above the 
Gthreshold when sufficient population inversion exists in the gain medium. The radiation builds 
up in the cavity and several standing waves are established between the mirrors. These standing 
waves are referred to as longitudinal modes. This means the cavity permits oscillating 
frequencies over a finite linewidth. The longitudinal modes are dependent on the cavity length 
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and the gain medium. The laser cavity has a greater range of possible frequencies depending 
on the length of the cavity as illustrated in Figure 15 [29].  
 
Figure 15: Longitudinal modes due to cavity length 
The longitudinal modes illustrated in Figure 15, exist only at frequencies for which the optical 
spacing between the mirrors is an integral number of half wavelengths. The resonance 
condition along the axis of the cavity is represented by: 
 





where L is the optical length between the two mirrors, 𝜆 is the emission wavelength, q is an 
integer indicating the number of modes supported by the cavity, and n is the refractive index 
of the active medium. The discrete frequencies allowed by the laser cavity can be defined by: 




where f represents the discrete emission frequencies defined by various integer values of q, c 
is the speed of the EM wave in a vacuum i.e. 2.998x108 m/s, and L is the longitudinal axis 
optical length between the mirrors. 
However, the longitudinal modes allowed by the cavity length are limited by the characteristic 
emission band of the gain medium. The emission spectrum of the gain medium is dependent 
on the thermal motion of atoms and atomic collisions of the atoms in the gain medium [29]. 
Thus, the spectral emission of the laser is limited by the gain curve of the active medium as 
illustrated in Figure 16. 
 
Figure 16:Longitudinal modes due to active medium atomic gain structure 
In Figure 16, the resonant longitudinal modes permitted to oscillate are limited by the gain 
atomic structure of the gain medium ions and the loss characteristic of the cavity. Therefore, 
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longitudinal modes within the gain spectrum of the gain medium, but below the loss line are 
attenuated, resulting in fewer resonant modes relative to the cavity length range. Thus, a laser 
beam is not perfectly monochromatic but emits over a narrow spectral band known as the finite 
linewidth [29]. 
The longitudinal modes have a fixed frequency interval spacing, ∆𝑣. The frequency spacing is 
dependent on the optical cavity spacing between the cavity mirrors. If the optical roundtrip 
travelled by photons in the cavity is denoted by L, then the condition for creating standing 
waves can be written in as: 




where v is the emission frequency. The frequency spacing between the longitudinal mode peaks 
is equal to: 
 ∆𝑣 =  
𝑐
𝐿𝑛









This frequency spacing between the modes is fixed (for a specific configuration) and is referred 
to as the free spectral range (FSR). The laser cavity has an integer number, q, of available 
frequencies at which it can lase, separated by an FSR dependent on the cavity length. These 
available oscillating modes within the laser linewidth form a multimode laser. When no 
mechanism is used to select a lasing mode, the longitudinal modes undergo a phenomenon 
known as mode competition. This occurs as the available modes compete to be the dominant 
lasing mode. The FSR can be used as a mechanism to eliminate mode competition. This is done 
by increasing the FSR between the modes, such that various frequencies are pushed out of the 
gain bandwidth and a single-mode is excited. The FSR can be increased by creating a very 
small cavity. 
The literature presented in this section was important to build an understanding of the necessary 
fundamentals for laser action. The literature presented on the photon-atom interaction was 
important to help build an understanding of the fundamental quantum processes that must take 
place in a laser gain medium to achieve optical amplification. Understanding these quantum 
processes was important because it would facilitate the analysis and interpretation of the 
experimental results obtained from executing the second and third research objectives. The 
literature on the operating principles of basic lasers was presented to help the reader understand 
the important characteristics required for a laser gain medium. This literature illustrated the 
importance of ensuring that the gain medium used in the design of a laser is made up of atoms 
or ions with a three or four energy level structure for sufficient population inversion to achieve 
stimulated emission of radiation. Therefore, this motivated the review of literature related to 
the energy level structure of the gain medium used in this project to design a single-frequency 
fibre laser as indicated by the first research objective. Lastly, the literature on laser longitudinal 
modes illustrated the various elements that limit the number of longitudinal modes that can 
resonate in a laser cavity. It further highlighted the importance of employing a mode selective 
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filter in laser designs to ensure single-frequency operation of lasers such as the one designed 
in this project. 
2.3. ERBIUM DOPED FIBRE LASERS 
The advent of light transmission in a dielectric waveguide was proposed during the early years 
of the twentieth century [33]. Developments in these waveguides have led to several scientific 
inventions in telecommunication. These developments produced a new field in communication 
known as optical communication [34]. Optical communication networks are favourable for 
data transmissions due to their advantages over electrical communication networks. These 
advantages include immunity to interference and crosstalk, signal security, low transmission 
losses, and potentially low cost [3]. Fibre lasers are one of the important inventions that have 
been investigated for application in high-speed fibre-optic communication systems. Fibre 
lasers are an all fibre-based, low-cost alternative to semiconductor laser diodes (LDs) which 
are currently the dominant optical source in fibre-optic communication systems. They exhibit 
high-quality beam properties including significantly narrow linewidths (in the kHz region), 
good signal to noise ratio (SNR), inherent compatibility with optical fibre networks, high 
conversion efficiency, and ease of construction [16], [19]. One of the distinguishing factors of 
this breed of optical sources is the utilisation of rare-earth doped optical fibre as the gain 
medium for the resonating cavity. 
2.3.1. Rare-earth doped fibres 
Optical fibre waveguides are fabricated from dielectric media such as silica or glass with low 
attenuation in the near-infrared region [32]. Optical fibre was traditionally used as a channel 
for the transmission of light from one point to another for telecommunication and networking 
applications. These are favourable transmission channels compared to other media such as 
copper cables, due to their high bandwidth potential, electrical isolation, low transmission 
losses, interference and crosstalk immunity [3], [33]. Figure 17 illustrated the basic structure 
of optical fibres. 
 
Figure 17: General optical fibre structure [35] 
The waveguide consists of a core and cladding interface, with a coating to protect and provide 
the waveguide with mechanical strength as illustrated in Figure 17. The core and cladding are 
the two most essential elements of the waveguide as they ensure efficient EM radiation 
propagation. These dielectric media are of different sizes and refractive indices; where the 
refractive index can be defined as the ratio of the velocity of the EM wave in vacuum to the 
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velocity of EM wave in a specific medium. The size of the core is usually smaller than that of 
the cladding and has a higher refractive index. The refractive index difference between these 
two media is to ensure that the EM wave is transmitted in the fibre core by total internal 
reflection [33]. The fundamentals of light propagation in optical fibre are made possible by a 
guiding mechanism known as total internal reflection extensively discussed in the literature 
[33], [34], [35]. 
Over the past few years, optical fibre has evolved from a traditional passive light transporter to 
a more sophisticated active element. The active device finds various applications in powerful 
laser source production and fibre-based light amplifiers [35]. The passive and active properties 
of optical fibre have provided an interesting research and development field in optical 
communication.  Passive optical fibre is undoped and active optical fibre is doped with 
photoactive elements. Undoped optical fibre typically made of silica SiO2 glass, has been 
designed to exhibit extremely low losses in the C- and L-bands. Thus, they often find 
application as transmission channels in fibre-optic communication systems. Doped fibre is 
fabricated by doping the fibre core with photoactive ions from rare-earth elements (REEs). 
Glass fibre material such as silica SiO2, germania (GeO2), and alumina (Al2O3) are commonly 
used as co-dopants in active fibre fabrication. 
Various techniques are used to fabricate active fibres including modified chemical vapour 
deposition (MCVD), vapour axial deposition (VAD), outside vapour deposition (OVD), and 
solution doping [36]. These active fibres are typically used in the design of active optical 
devices such as amplifiers. Doping the optical waveguide with these elements increases the 
optical absorption of the fibre while permitting optical emission. This is made possible by 
intracore photoactive ions absorbing a photon from an incident pump radiation at a given 
absorption band, and re-emitting the photon at a different wavelength band referred to as the 
emission wavelength. These active fibres make the construction of fibre lasers possible [35], 
[37].  
REEs comprises of seventeen (17) metallic elements with atomic numbers from 57 to 71 i.e. 
Lanthanum La to Lutetium Lu. These REEs use different types of optical fibre host materials 
to fabricate active fibre however, silicate is the most commonly used optical fibre host material. 
Erbium and ytterbium are two REEs used in telecommunications applications [37]. The 
erbium-doped fibre (EDF) was the chosen active fibre for this project; it often uses silicate, 
phosphate, and fluoride as its optical fibre host material [35]. The common emission bands of 
EDF ranges between 1.5µm - 2.7µm depending on the glass fibre host material [35]. 
2.3.2. Erbium-doped fibre 
Research advances in the optimisation of optical fibre waveguides have doubled the total 
potential capacity of optical fibre transmission systems through the invention of efficient all-
fibre components such as fibre-lasers, amplifiers, couplers, circulators, and mirrors [38]. EDFs 
have been used in the fabrication of fibre lasers and fibre amplifiers in telecommunications for 
their optical amplification abilities. These waveguides are particularly favourable for 
telecommunications due to their emission bandwidth covering both the C- and L-bands [18], 




Figure 18: Erbium-ion transitions. (a) Schematic of the splitting of ionic energy levels for erbium ions in a glass matrix [32] 
(b) Typical absorption and emission cross-section spectra of Er3+ ions in silica glass [35] 
EDF is commonly triply ionized (Er3+); this being their most stable state. This results in erbium 
and other lanthanide series elements having the electronic configuration 4f115s25p6 [32], [35]. 
Several erbium ion electron transitions are initialized at the 4f state known as the central field 
as illustrated in Figure 18(a). The central field electrons are partially shielded by the electrons 
in the 5s and 5p orbitals. The isolation of the f orbital results in the ions being perturbed in 
different types of host materials [35], [37].The absorption and emission spectra of an ion can 
be defined as the characteristic wavelength bandwidth over which the ion absorbs and emits a 
photon. The characteristic absorption wavelength of erbium ions is within the 980nm range, 
whereas the emission band can cover the C- and L- bands operating between 1530nm -1565nm 
and 1565nm -1625nm, respectively as illustrated in Figure 18(b) [35], [37]. However, the gain 
spectrum of the ion absorption and emission spectra can be influenced by a few factors. First, 
the concentration of the erbium ions influences the ion spectra by determining the absorption 
cross-section of the material. The absorption cross-section (cm2) is related to the probability 
that there is an ion in a given cross-sectional area that will absorb an incident photon. Secondly, 
the absorption coefficient of the host material influences the ion absorption and emission 
spectra, as it relates to how strongly the material absorbs an incident photon flux, thus reducing 
the number of excited electrons [35]. 
The fundamental energy levels required for light amplification in EDFs are 4|15|2, 4|13|2, and 
4|11|2, thus a three-energy level system. These energy levels represent a 3-level system ideal 
for achieving efficient population inversion required for the domination of stimulated emission 
over spontaneous emission. 4|15|2 is the ground state with a high population of electrons. 4|11|2 
is the pumping energy level, that determines the absorption spectra of erbium ions at 980nm. 
Lastly, the 4|13|2 is known as the metastable state which determines the characteristic emission 
spectra of erbium ions around the 1550nm region. In Figure 18(a), several closely packed 
energy levels within the ground state and the metastable state related to the ionic energy level 
splitting of erbium ions in a glass matrix were illustrated. These ionic energy levels are known 
as Stark levels [37]. Stark levels have different lifetimes and energies, thus photons emitted 
and absorbed by electrons in the various levels will have a slight variation in wavelength, 
frequency, and phase [35]. The Stark levels are an emission spectrum broadening mechanism 
due to the emitted photons of various wavelengths, thus resulting in a broad emission spectrum. 
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The characteristic shape adopted by the absorption and emission cross-section spectra of 
erbium ions is illustrated in Figure 18(b). 
Excitation of erbium ions from the ground state to the metastable state to achieve population 
inversion can be done through a band of two characteristic absorption wavelengths. First, a 2-
level system can be generated by pumping electrons with a 1550nm pump source as illustrated 
by the absorption curve in Figure 18(b). In a state of dynamic equilibrium, the absorption and 
emission rates are equal, thus effective population inversion is impossible as a state of 
saturation is reached. Under these conditions, a laser beam is not produced due to the high 
spontaneous emission compared to stimulated emission. The second and most efficient method 
to achieve population inversion is by pumping the system with a 980nm photon flux, 
establishing a 3-level system. Pumping at this wavelength ensures effective population 
inversion since 3-level systems do not exhibit the equilibrium limitations experienced in a 2-
level system. This system produces the desired emission cross-section spectra shown in Figure 
18(b). The absorption cross-section is represented by: 
 







where wp is the pump absorption efficiency relating to the probability that each ground-state 




is the ratio of the pump power to incident photon flux per second, vp is the pump photon 
frequency, and A is the effective fibre cross-sectional area [32]. The emission cross-section is 
given by: 
 







where ws is the stimulated emission efficiency related to the probability that an excited electron 
in the metastable state produces a photon per second. Ps is the output power of the laser source, 
and vs is the output lasing frequency. The absorption and emission cross-section of the doped 
fibre are related by McCumbers formula [36]: 
 





where, h is Planck’s constant, k is  Boltzmann’s constant, v is the frequency,  is the net free 
energy required to excite one erbium ion from the 4|15|2 ground state energy level to the 4|13|2 
metastable state energy level at a temperature T. This literature was important to build an 
understanding of the fundamental absorption and emission processes that occur in EDF. 
2.3.3. Optical transitions of Erbium-doped fibres  
The EM radiation amplification due to stimulated emission in the laser feedback loop produces 
a monochromatic and highly coherent beam. The two laser properties suggest that a single 
discrete frequency beam resulting from the two energy levels between which population 
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inversion is achieved i.e. the ground state 4|15|2 and the metastable state 4|13|2. The energy 
gap between the two energy levels was given by equation (2.1). Ideally, the laser output is at a 
discrete frequency v as given by equation (2.1). However, from Figure 19(a), the transition 
levels have several sublevels due to ionic energy level splitting of erbium ions in a glass matrix 
[37], [40]. 
 
Figure 19: Optical transitions in EDF (a) Erbium ion lasing energy stark splitting [40]. (b) Broadened emission spectrum due 
to the quantum mechanical structure of atoms 
The sub-levels are a product of discrete energies; thus photons of discrete frequencies are 
emitted at each level. This results in a broadened spectrum of the optical transition such as that 
illustrated in Figure 19(b). Three quantum mechanisms have been reported to influence the 
broadened spectrum of the erbium ion optical transitions; these mechanisms are the lifetime 
(natural) broadening, collisional (pressure) broadening, and Doppler broadening [41]. 
Natural/lifetime broadening 
The natural/lifetime broadening is related to the electron transition due to spontaneous 
emission. The rate at which the transition occurs depends on Einstein’s coefficient of 
spontaneous emission, A21, which in turn determines the lifetime ῖ as discussed in section 2.2. 
The finite lifetime of the excited energy level results in a spectral line broadening following 
the uncertainty in energy, related to Heisenberg’s uncertainty principle. The linewidth 
broadening due to natural/lifetime broadening yields an emission spectrum of the Lorentzian 
profile [41] 
Collisional/pressure broadening 
The collisional/pressure broadening is related to the frequent collision of atoms with each other 
and the host material, thus interrupting the photon emission process. This results in the 
shortening of the characteristic emission time due to a reduction in the excited state lifetime. If 
the mean time between the atomic collisions ῖcollision is shorter than the radiative lifetime of the 
excited state, the lifetime ῖ in equation (2.30) is replaced with ῖcollision. Therefore, an increase in 
uncertainty in the emitted energy occurs which gives rise to additional line broadening. The 
presence of other particles alters the radiated frequency yielding a Lorentzian profile of the 




Lastly, the Doppler broadening is a line broadening mechanism that originates from atoms in 
a gas experiencing random thermal motions, giving rise to Doppler shifts in observed 
frequencies. The frequency shifts are related to the emitted photon velocity distribution which 
causes line broadening. The velocity of the emitted photons relative to the observer follows a 
Maxwell-Boltzmann distribution. The Doppler broadening mechanism of quantum structures 
results in a Gaussian lineshape profile of the optical transition. 
2.4. ERBIUM-DOPED FIBRE LASER CONFIGURATIONS 
The general principles that govern the fundamental structure of fibre lasers are similar to that 
of other lasers which include the pump source, amplifying medium, and resonator. However, 
in fibre lasers, all these elements are optical fibre-based components arranged in various 
manners. Several resonating cavity configurations can be adapted to yield laser action for this 
breed of sources. However, there are two prominent configurations used in fibre laser 
technology known as the linear- and ring- cavity configurations. In this section, these fibre 
laser configurations are briefly discussed. 
2.4.1. The linear cavity configuration 
The linear cavity is also referred to as a Fabry-Pẻrot cavity because it resembles a Fabry-Pẻrot 
resonator bounded by plane, parallel mirrors as illustrated in Figure 20. In this configuration, 
the erbium-doped fibre amplifying medium is situated between the resonator mirrors with a 
single, linear, bidirectional optical propagation path. Since these are optical fibre-based lasers, 
the resonator, amplifying medium, and other essential elements are optical fibre components. 
These optical components are usually spliced into the optical path to reduce scattering, 
diffraction, and reflection loss mechanisms in the laser cavity [22]. 
 
Figure 20: Linear cavity configuration schematic diagram 
In the linear cavity configuration illustrated in Figure 20, FBGs are used as resonator mirrors 
to complete the feedback system; an overview of these fibre-based mirrors is given in Chapter 
four. The utilisation of FBGs as resonator mirrors improves the beam quality, as it promotes 
mode selectivity and narrow linewidth operation of the fibre laser. Pumping for this type of 
optical source is usually through laser pumping within the 980nm absorption spectra of the 
erbium ions. Several techniques can be implemented to eliminate pumping through the 
dielectric mirrors. Due to the spectral response of FBGs, one of the pumping techniques used 
in linear cavity optical sources is through the FBG as illustrated in Figure 20. Another 
commonly used technique involves pumping the active medium using a wavelength division 
multiplexing (WDM) coupler [32]. The linear cavity configuration is highly robust and exhibits 
minimum attenuation. The main advantages of adopting a linear cavity are its simplicity and 
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possibility of achieving shorter cavity lengths while maintaining a desirable laser beam quality 
[32]. 
2.4.2. The ring cavity configuration 
The second prominent fibre laser configuration is the ring cavity. This cavity configuration has 
a unidirectional propagation path contrary to the bidirectional path in the linear cavity. The 
unidirectional propagation path in this configuration is made possible by the incorporation of 
an optical isolator in the resonating cavity as illustrated in Figure 21.  
 
Figure 21: Ring cavity configuration schematic diagram [32] 
The amplifying medium is pumped through one port of a WDM coupler. The photons emitted 
through spontaneous and stimulated emission in the amplifying medium propagate to an output 
coupler through an isolator to sustain unidirectional operation in the cavity. A portion of the 
propagating beam is coupled out to obtain a laser output while another is directed to the WDM 
coupler port operating in the erbium emission spectra to achieve optical feedback. The ring 
cavity configuration is favourable for its low pump threshold, and high conversion efficiency 
properties. However, they often have a relatively long cavity due to the use of more components 
than the linear cavity configuration [42].In this project, the linear configuration is chosen for 
its simplicity when compared to the ring cavity configurations. 
2.5. ADVANTAGES AND DISADVANTAGES OF FIBRE LASERS  
Fibre lasers exhibit several advantages over traditional free space aligned solid-state fibre lasers 
[35]. The physical advantage of fibre lasers is the elimination of the alignment requirement of 
resonator mirrors. Therefore, significantly simplifying the manufacturing process while 
reducing the effects of environmental conditions such as dust, humidity, and vibration in fibre 
lasers. The favourable small diameter and flexibility properties of optical fibre facilitate the 
fabrication process and integration of the laser source with various systems. These optical fibre 
properties ensure that the cavity can bend during fabrication and integration without needing 
additional mirrors to maintain resonator alignment. 
The crystal amplifying medium used in standard solid-state lasers is subject to thermal lensing, 
while fibre lasers can dissipate the same heat over longer lengths. Thus, giving fibre lasers a 
thermal advantage where heat dissipation is over a larger surface area rather than the relatively 
33 
 
small surface area of semiconductor lasers [32]. Fibre lasers also exhibit a lasing mode quality 
advantage over semiconductor lasers. Semiconductor lasers often produce an elliptical spatial 
mode which requires beam-shaping optical components for coupling into an optical fibre. 
However, fibre lasers used in telecommunication applications are inherently single-mode and 
can either be spliced or easily coupled to optical fibre cables [32]. 
As desirable as fibre lasers are, they also have some disadvantages just like other types of 
lasers. The favourable small size advantage of fibre lasers also poses a disadvantage in terms 
of achieving extremely high powers comparable to those reached by large chemical and gas 
laser devices. Furthermore, fibre lasers have a wavelength limitation as the radiation 
wavelength in the fibre is subject to wavelengths in which the glass fibre exhibits low optical 
losses. Lastly, glass materials with a melting point much lower than silica can be problematic 
when splicing, therefore, the material used in the fabrication of fibre lasers must have a melting 
point comparable to that of silica to ensure splicing capabilities [35]. 
2.6. CONCLUSION 
The aim of this chapter was to present important theories on fibre lasers to help meet the first 
research objective. The first research objective was to design a low complexity, single-
frequency erbium-doped fibre laser operating within the C-band fibre-optic communication 
frequency band. The fundamental principles of the physics that enable laser action were first 
presented, to build an understanding of the quantum processes that occur in fibre lasers. This 
included the literature on photon and atom interaction that led to the postulation of a radiative 
process known as stimulated emission, the quantum processes that enable stimulated emission, 
the three fundamental elements of a laser cavity to sustain stimulated emission, and the 
longitudinal modes formed in a laser cavity. 
Secondly, the literature on erbium-doped fibre lasers was presented to build an understanding 
of their principle of operation. In this literature, rare earth fibres were discussed, with a strong 
focus on erbium-doped fibre as a prominently used active fibre for telecommunication 
applications, and the active fibre used in this project. Thirdly, the literature on erbium-doped 
fibre laser configurations was presented to understand the various ways in which fibre 
components can be orientated to realize a functional fibre laser. This literature included a brief 
overview of the linear and ring cavity configurations. Furthermore, various advantages and 
disadvantages of fibre lasers compared to other types of lasers were presented to highlight the 
importance of research into fibre lasers. In Chapter three, the literature on desirable output 
characteristics of a laser designed for telecommunication applications will be presented to help 




CHAPTER 3: OUTPUT CHARACTERISTICS OF LASERS DESIGNED 
FOR TELECOMMUNICATION APPLICATIONS 
3.1. INTRODUCTION 
In this chapter, the literature on the desirable output characteristics of a laser designed for 
telecommunication applications is reviewed. This literature was important to understand the 
various laser characteristics that affect the transmission quality of fibre-optic communication 
systems. It further helped to determine the laser characteristics that must be characterized 
optimized in this project to design an EDFL that can potentially yield an acceptable 
transmission quality when integrated with a fibre-optic communication system. Furthermore, 
this literature was important to help meet the four research objectives of this study. This chapter 
consists of three core sections excluding the introduction and conclusion sections. 
In the first section, the literature related to the EDFL output characteristics that were 
characterized and optimized during the design stage of the project is reviewed. These 
characteristics included the single-frequency design specification highlighted by the first 
research objective and the EDFL optical output power characteristics. The literature on these 
characteristics was important to help meet the first, second, and third research objectives. The 
first research objective was to design a low complexity single-frequency fibre laser operating 
within the C-band fibre-optic communication frequency band. The second research objective 
was to study the effects of various cavity parameters on the maximum optical output power 
and output power stability related to the relative intensity noise of the designed EDFL output 
beam. The third research objective was to optimize the designed EDFL for optimal maximum 
optical output power and output power stability. 
In the second section, the literature on the EDFL output characteristics that were characterized 
and optimized during the application stage of the project is reviewed. These characteristics 
included the state of polarization and the linewidth of the designed EDFL, to ensure successful 
integration with the fibre-optic communication system. In the third section, the literature 
related to the integration of the designed EDFL with a fibre-optic communication system is 
reviewed. The concept of modulation is first briefly discussed in this section, thereafter the 
literature on the two techniques used in this project to evaluate the transmission quality of the 
fibre-optic communication system is presented. These transmission quality analysis techniques 
included the eye pattern and the bit error ratio. The literature presented in section two and three 
was important to help meet the fourth research objective. The fourth research objective was to 
integrate the designed and optimized EDFL with a fibre-optic communication system and study 
the integration efficiency and transmission quality of the transmission link. 
3.2. DESIGN CHARACTERISTICS 
In this section, a brief overview of the literature related to the EDFL output characteristics 
considered during the design stage of the project was presented. These EDFL design 
characteristics included the single-frequency design specification to help meet the first research 
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objective, and the EDFL optical output power characteristics to help meet the second and third 
research objectives. The first research objective was to design a low complexity single-
frequency fibre laser operating within the C-band fibre-optic communication frequency band. 
The second research objective was to determine the effects of various cavity parameters on the 
maximum optical output power and output power stability related to the relative intensity noise 
of the designed EDFL output beam. The third research objective was to optimize the designed 
EDFL for optimal maximum optical output power and output power stability. 
3.2.1. Single-frequency EDFL 
EDFLs can be designed to emit a single frequency to achieve single-frequency EDFLs or to 
emit multiple frequencies to achieve multiwavelength EDFLs [16], [43], [44]. In this project, 
a single-frequency EDFL was designed as stated by the first research objective. The linewidth 
range for grating based single-frequency fibre lasers is between the kHz and MHz region [16], 
[45]. Mode selective filters are important when designing single-frequency EDFLs because 
EDF produces an unstable and dense multi-longitudinal mode (MLM) wavelength output. 
Therefore, mode selective filters are required to complete the single-frequency operation of the 
EDFL [39]. There are several technologies used to achieve single-frequency operation of 
EDFLs, such as employing unpumped EDF which acts as a saturation absorber filter, 
employing multi-ring-based filters, and the use of optical narrow-band filters [39]. The optical 
narrow-band filter technology was used in this project to achieve single-frequency operation. 
The optical narrow-band filter employed in this project was a single FBG to realize a grating-
based EDFL. Classic linear cavity configuration EDFL designs adopt two FBGs in the cavity 
to achieve single-frequency operation. However, in this project, the secondary FBG was 
replaced with a fibre loop mirror to design a simpler and more flexible design. The literature 
on FBG theory and the fibre loop mirror to meet the single-frequency design specification of 
the designed EDFL highlighted by the first research objective was presented in this section to 
build an understanding of their operating principles. 
Fibre Bragg grating 
FBGs are optical fibre-based, high reflectivity filters made possible by the periodic 
modification of the optical fibre core refractive index. The refractive index is the ratio of the 
velocity of light in a vacuum to the velocity of light in a specific medium [33]. The refractive 
index is dependent on various factors including material density, temperature, and molar 
refractivity [46]. The refractive index of an FBG varies with a period Λ, thus creating a 
modulated index of refraction along the glass fibre core [9]. The intra-core refractive index 
modifications are achieved through directly exposing the optical fibre core to high energy 
radiations such as ultraviolet (UV) radiation from a laser source. The periodicity, Λ, of the 
index of modulation in conventional FBGs has a physical spacing that is one half of the incident 
beam wavelength. Therefore, the phase matching between the grating planes and the incident 
beam of light results in coherent reflections. The phase match is achieved strongly at a certain 
wavelength, referred to as the Bragg wavelength, 𝜆𝐵, which satisfies the Bragg condition: 
 𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ (3.1) 
where, 𝜆𝐵is the Bragg wavelength, 𝑛𝑒𝑓𝑓 is the effective core index, and Λ is the grating period. 
A schematic representation of conventional intra-core gratings is illustrated in Figure 22. The 
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reflection and transmission spectral responses of the modulated index of refraction to incident 
light are also shown in the illustration. 
 
Figure 22: Intra-core grating schematic, with the typical grating spectral response of reflected and transmitted light adapted 
from [49] 
An optical broadband source with a broadband output spectrum is applied to the FBG as 
illustrated in Figure 22. The FBG spectral response includes a narrow band reflection spectrum 
with a central wavelength, 𝜆𝐵. The reflection spectrum response of the FBG illustrated its 
narrow-band filtering abilities through phase matching of the grating planes at a wavelength, 
𝜆𝐵, which corresponds to a certain wavelength from an incident broadband source. Based on 
the FBG spectral response illustrated in Figure 22, an FBG is a highly versatile component 
capable of various fundamental optical functions such as low loss and effective reflection and 
filtering [47].  
A majority of fibre lasers capable of producing a highly coherent, reliable, efficient, and 
inherently stable beam of light within the telecommunication frequency windows often use 
FBGs [47], [48]. The FBG was chosen as the mode selective mirror for the EDFL designed in 
this project, because of its high reflectivity characteristic and narrow-band filtering abilities. 
These FBG characteristics were important in this project to realize a single-frequency EDFL 
[13], [47]. FBGs are also well-known for their sensing capabilities, literature reports that the 
FBG reflection band, 𝜆𝐵, shown in equation (3.1) shifts due to variations in 𝑛𝑒𝑓𝑓 and Ʌ. These 
variations are due to the strain (∆𝑙) and temperature (∆𝑇) dependence of 𝑛𝑒𝑓𝑓 and Ʌ; which 
can be expressed by [49]: 
 














It is easier to minimize strain effects on the FBG when designing a laser cavity, however, it is 
difficult to control temperature effects without the employment of some athermal packaging 
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with low sensitivity to thermal expansion around the FBG filter [49], [50], [51], [52]. 
Therefore, the 𝜆𝐵 shift solely due to thermal expansion can be expressed by [49]: 
 ∆𝜆𝐵 = 𝜆𝐵(𝛼Ʌ + 𝛼𝑛)∆𝑇 (3.3) 
where, 𝛼Ʌ represents the thermal expansion coefficient and 𝛼𝑛 is the thermo-optic coefficient; 
which are both glass fibre material dependent. This literature on the FBG reflection band 
temperature dependence was important to highlight because the wavelength stability of the 
EDFL due to the temperature sensitivity of the FBG was experimentally studied in this project.  
Fibre loop mirror 
Fibre loop reflectors in fibre laser cavities have been extensively used in multiwavelength fibre 
lasers [43], [44], [53] and applications such as amplified spontaneous emission (ASE) rejection 
with high birefringence (HiBi) fibres to improve the noise figure in erbium-doped fibre 
amplifiers (EDFAs) [54]. The use of fibre loop reflectors employing optical circulators in the 
design of multiwavelength fibre lasers was the first motivator to adopting these reflectors in 
this project. These reflectors have been particularly attractive for multiwavelength fibre lasers, 
due to the wideband characteristic of optical circulators compared to narrowband filters such 
as FBGs. The use of a fibre loop mirror in the EDFL designed in this project would be a simpler 
and more flexible approach to achieve an EDFL operating at any frequency within the C-band 
compared classic linear cavity EDFLs adopting two FBGs. This is because classic linear cavity 
EDFLs require the two FBGs that possess significantly close reflection bands to successfully 
achieve narrow-linewidth single-frequency operation, at the spectral overlap of the two 
reflection bands [16], [21]. However, when a fibre loop reflector is employed as one of the 
cavity end mirrors in the designed EDFL configuration, single-frequency operation and narrow 
linewidth are solely dependent on the single FBG used in the configuration. Thus, if there is a 
need to change the operating frequency of the EDFL to any frequency within the 
telecommunications bands, a single FBG would be changed in the proposed EDFL cavity 
contrary to classic linear cavity designs where two FBGs would need to be changed. 
The second reason for adopting fibre loop reflectors in the EDFL design was related to 
achieving a high power EDFL. According to literature, classic linear cavity EDFLs adopting 
two FBGs operate at low maximum optical output powers [21]. The low optical output 
maximum powers exhibited in these configurations were due to the spectral overlap mode 
selection mechanism to achieve single-frequency operation. The resultant selected mode 
obtained through the spectral overlap mechanism operates at a lower reflectivity compared to 
the peak reflectivities of the two FBGs employed in these classic linear configurations [16], 
[21]. Thus, the use of a single FBG for mode selectivity could increase the EDFL maximum 
output optical power due to the selected mode operating at the peak reflectivity of the single 
FBG. In this project, the fibre loop reflector or mirror was configured using an optical coupler 
and circulator to achieve a high reflectivity, wideband output resonator and complete the EDFL 
feedback system. Figure 23 illustrates the fibre loop mirror employed as the secondary mirror 




Figure 23: Resonating cavity secondary fibre loop output mirror 
The fibre loop mirror operates as follows: an optical EM wave incident on the input port of the 
coupler is split between the two output ports depending on the coupling ratio of the optical 
coupler. Output 1 of the coupler is to achieve high reflections using a looped optical circulator. 
Output 2 of the coupler is to obtain an output optical EM wave. 
3.2.2. EDFL optical output power characteristics 
A high SNR is one of the most fundamental requirements for any communication system. The 
transmitter and receiver are the two main sources of noise in fibre-optic communication 
systems [55]. Optical receivers employ photodiodes to convert incident optical power to 
electrical current. Optical receivers exhibit shot noise and thermal noise which contribute to 
the total noise of a fibre-optic communication system [56]. Optical transmitters, on the other 
hand, employ lasers to convert an electrical data bitstream into an optical data stream for 
transmission over an optical fibre. The optical field emitted by any laser exhibits optical output 
power fluctuations; these output power fluctuations contribute to the RIN characteristic of the 
optical source [55], [56]. RIN is a term used to describe the highly undesired intensity 
fluctuations in the laser output optical field [56], [57]. Therefore, the OSNR in a fibre-optic 
communication system is dependent on the transmitter RIN and the receiver noise [55]. 
One of the key characteristics of lasers required by fibre-optic communication systems is a 
high OSNR for improved transmission quality [16], [18], [42]. The OSNR is specified by the 
residual ASE in the laser emission spectrum [16]. The quantum nature in which optical lasing 
is achieved introduces fluctuations in the laser optical field intensity (optical output power 
fluctuations) due to spontaneous emission in the laser cavity [56], [58]. Although stimulated 
emission is the dominant emission process within the laser cavity operating above a threshold, 
a relatively small percentage of the generated photons are due to spontaneous emission. The 
spontaneously emitted photons have a random wavelength, polarization, direction, and phase. 
These photons can coincide with the wavelength and direction of the stimulated emission 
photons. In doing so, they introduce fluctuations in the optical output power of the laser beam 
[56], [58]. Therefore, spontaneous emission is one of the dominant sources of RIN in lasers 
[56], [58]. Furthermore, cavity vibrations, environmental perturbations, transferred intensity 
noise from the pump source, and fibre losses such as scattering and bending losses also 
contribute to the RIN of fibre lasers [22], [59]. A high RIN can reduce the OSNR of optical 
sources, and consequently, reduce the OSNR of a fibre-optic communication system [56]. 
The improved transmission quality reported for fibre-optic communication systems with a high 
OSNR [16], [18], [42] motivated the optimization of the EDFL designed in this project to 
39 
 
achieve optimal optical output power characteristics. The typical optimal output power for a 
transmission source is dependent on the optical power budget of an optical link the transmission 
source is designed for. The optical power budget takes various parameters into consideration 
such as the transmission distance (fiber optic loss), Rx sensitivity, and connector and splice 
attenuation [60]. Typical RIN for a fibre lasers is approximately −160 dB/Hz and the power 
stability below 0.2dB is considered sufficient for erbium-doped fibre lasers [61], [62]. 
The EDFL optical output power characteristics included maximum optical output power and 
high output power stability (low output power fluctuations) related to the RIN to meet the 
second and third research objectives. The second research objective was to determine the 
effects of various cavity parameters on the maximum optical output power and output power 
stability related to the relative intensity noise of the designed EDFL output beam. The third 
research objective was to optimize the designed EDFL for optimal maximum optical output 
power and output power stability Various studies solely report the overall maximum optical 
output power and output power stability of EDFLs and do not study the contribution of 
individual intracavity parameters to the overall EDFL output power characteristics [18], [31], 
[39], [59]. These studies motivated the investigation of the effects of the various intracavity 
parameters on the designed EDFL optical output power characteristics as an optimization 
approach.  
The output power optimization technique was related to the optimization of key parameters of 
the laser cavity, without changing the basic scheme of the linear cavity configuration. This 
technique was favourable in this project to maintain the low complexity design specification 
of the design, by not adding additional components in the cavity to optimize the output power. 
This technique has mainly been employed in ring cavity configuration EDFLs [22], [30], [62]. 
The laser cavity parameters optimized in this project were the erbium ion concentration, output 
coupling ratio, and the laser cavity length. 
The optimization technique was based on determining optimal laser cavity parameters that 
yielded maximum optical output power and output power stability. The EDFL maximum 
optical output power as a function of various cavity parameters and pump power was evaluated 
at room temperature using an Agilent 8163A lightwave multimeter with an InGaAs photodiode 
[63]. The EDFL output power stability as a function of various cavity parameters was also 
evaluated with the Agilent 8163A lightwave multimeter with an InGaAs photodiode. The 
output power stability was evaluated at room temperature every one-minute for 60 minutes. 
Constant pump power was used to evaluate the EDFL output power stability for the various 
laser cavity parameters. The EDFL output power stability is defined by the fluctuations in the 
optical output power, which can be expressed in decibels (dB). The confidence interval (CI), 
specifically the most common 95% CI was used to analyse the optical output power 
fluctuations of the EDFL [31], [59], [64], [65]. The 95% CI is defined by [64]: 
 95% 𝐶𝐼 = (?̅? − 1.96
𝜎
√𝑛




where ?̅? is the mean output power fluctuation, 𝜎 is the standard deviation of the EDFL output 
power fluctuation collected data, and 𝑛 is the total number of collected data points. The 95% 
CI was used to calculate the range of the true mean power stability of the EDFL. The 95% CI 
was unique for various EDFL output power fluctuation data sets, which were a function of 
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various cavity parameters.  The 95% CI was selected for analysis because the data set of the 
output power fluctuations for the various studies was narrow [64]. 
3.3. TELECOMMUNICATION APPLICATION CHARACTERISTICS 
The experimental studies on the performance of the designed EDFL in a practical 
communication link as stated by the fourth research objective were performed at the Centre of 
Broadband Telecommunications at the Nelson Mandela University. The optical source output 
characteristics requirements provided by the Centre, included a low RIN, stable single-
polarization, a high degree of polarization, and narrow linewidth. The design stage of the 
project only optimized the RIN of the EDFL, related to maximum optical output power and 
low output power fluctuations. The designed EDFL polarization and linewidth were not 
optimized during the design stage of the project but were evaluated and optimized during the 
application stage of the project. In this section, the literature on the polarization and linewidth 
characteristics of the EDFL was presented. 
3.3.1. Polarization theory 
Polarization is a characteristic of transverse waves that is concerned with the plane in which 
the electric field vectors are restricted to. Fibre-optic communication systems are polarization-
sensitive due to its contribution to transmission limitation effects such as polarization mode 
dispersion (PMD). PMD is a pulse broadening effect resulting from the birefringence and mode 
coupling properties of optical fibre [66]. In this section, these two properties of optical fibre 
are briefly discussed to help the reader understand their detrimental effect on these systems. 
Furthermore, various polarization concepts are introduced along with the analysis method used 
for polarization navigation. 
Radiation from an optical source is a transverse EM wave made up of quantum energy packets 
known as photons [28]. The polarization of an EM wave specifies the geometrical orientation 
of transverse optical wave oscillations [66]. The E-field vector is often used to study and 
characterize the polarization of the EM wave. The E-field can be treated as the superposition 
of two Ex and Ey orthogonal plane polarized waves of the same frequency as illustrated in 
Figure 24(a). The resultant E-field can be expressed as [66]: 
 𝐄(𝑧, 𝑡) = 𝑬𝒙(𝑧, 𝑡) + 𝑬𝒚(𝑧, 𝑡) (3.4) 
with, 
 𝐄𝒙(𝑧, 𝑡) = 𝐸0𝑥 cos(𝛽𝑥(𝜔)𝑧 − 𝜔𝑡 + 𝛿1) ?̂? (3.5) 
 
 𝐄𝒚(𝑧, 𝑡) = 𝐸0𝑦 cos(𝛽𝑦(𝜔)𝑧 − 𝜔𝑡 + 𝛿2)?̂? (3.6) 
where 𝐸𝑥𝑦 represents the intensities of the two orthogonal sinusoidal time-varying electric field 
components. 𝐸0𝑥, 𝐸0𝑦 are related to the polarized intensity of the optical wave. 𝛽𝑥𝑦(𝜔) is the 
propagation index, 𝛿1, 𝛿2 are the initial phase offsets of the superimposed electric fields. The 




Figure 24: (a) Propagation of an optical monochromatic plane wave in the z-direction (b) Polarization ellipse traced out from 
the propagation of an optical monochromatic plane wave [61] 
The polarization of the EM wave with E-fields projected on a xy plane in a z-direction can be 
broadly classified into completely polarized, partially polarized, or unpolarized. When the E-
field behaves predictably on some xy plane over some time, the optical wave is said to be 
completely polarized. However, when the E-field behaviour varies randomly over time it is 
known as unpolarized. Therefore, partially polarized EM waves are a combination of polarized 
and unpolarized light [66]. The state of polarization (SOP) of light is a term used to further 
classify the polarization of an EM wave. 
The SOP is dependent on a polarization ellipse that is traced out when the electric field of a 
monochromatic plane wave is projected unto a xy plane as illustrated in Figure 24(b). The SOP 
of the projected plane wave is specified by the angles 𝜒 and 𝜓 [66]. Therefore, different SOPs 
have unique associated polarization ellipses traced out using different polarization navigation 
methods. The nature of the projection can either be linear, circular, or elliptical; thus 
introducing the SOPs known as linear polarization, circular polarization, and elliptical 
polarization [66]. For a linear SOP, the E-fields oscillate in one direction over some time. 
Whereas in circular and elliptical SOPs, the E-fields rotate at a constant rate in a plane as the 
wave propagates. The rotation of the E-fields in circular and elliptical SOPs can occur in two 
possible directions. For example, in circular polarization, if the electric field rotates in the 
clockwise or right-hand direction to the wave propagation direction, it is known as right 
(clockwise) circular polarized and left (anticlockwise) circular polarized for the opposite 
direction [66]. 
When characterizing the SOP of an EM wave the degree of polarization (DOP) is another 
important parameter to quantify. The DOP can be defined as the ratio of polarized intensity to 
the total intensity of the incident EM wave [66]. The DOP is an important characterization 
parameter for optical sources with arbitrary SOPs, particularly for fibre-optic communication 
system applications, because of the PMD phenomenon in optical fibre. An optical EM wave 
with arbitrary SOPs propagating in a single-mode fibre (SMF) can be treated as a linear 
superposition of two polarization modes. These polarization modes propagate at a similar group 
and phase velocities vg and vp, however, due to birefringence, a difference in vg and vp occurs 
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[66]. The difference in vp changes the wave SOP, and the difference in vg introduces dispersive 
PMD broadening in the output transmitted pulse as shown in Figure 25(a). 
In material sciences, birefringence is an optical property of a material having a refractive index, 
n, that is dependent on the polarization and the propagation direction of an incident EM wave 
[43]. Birefringence is a product of the material Kerr effect also referred to as the quadratic 
electro-optic effect. It is the change in the refractive index, n, of a material such as optical fibre 
in response to an applied E-field [67]. Therefore, birefringent material results in the splitting 
of an incident optical EM wave into two polarization components (modes) as illustrated in 
Figure 25(a). The two polarization modes exhibit different times of flight, vp, and vg. The 
difference between the times of flight of the polarization modes is referred to as the differential 
group delay (DGD) [66], [68], [69]. 
Long SMFs (hundreds of meters) comprise of multiple individual birefringent fibre sections 
with different birefringent magnitudes as shown by Figure 25(b). Thus, the SOP fluctuations 
in the propagating polarization modes of the EM wave occur in the various birefringent 
sections. This in conjunction with mode coupling effects in the fibre results in undesired PMD. 
Mode coupling can be defined as the change in the orientation of the birefringent axes along 
the length of fibre [66]. 
 
Figure 25: (a) Dispersive broadening caused by birefringence in single-mode fibre. (b) Birefringence variation along a length 
of single-mode fibre [66] 
Due to the PMD attenuation mechanism in fibre-optic communication systems, it is important 
to ensure a single SOP and a high DOP for optical sources designed for telecommunication 
applications [66], [70]. In this project, the SOP and DOP of the designed EDFL were studied 
using the Poincarẻ sphere arc method [66]. A Poincarẻ sphere is a graphical tool used by 
polarization navigators to trace out various SOPs and their equivalent polarization ellipses. The 
Poincarẻ sphere arc method was provided by an Adaptif A1000 polarization analyzer to help 
trace out the EDFL polarization ellipse and determine its SOP [71]. Four Stokes parameters 
are used by the polarization navigator to trace out an ellipse associated with the SOP of an 
incident EM wave. The Stokes parameters are obtained by rewriting the polarized intensity of 
the optical wave 𝐸0𝑥, 𝐸0𝑦 and the change in the initial phase offsets of the superimposed electric 
fields ∆𝛿 from equations (3.5) and (3.6) in terms of the angles ψ and χ [66], which yields the 






























2 = sin 2𝜒 
(3.10) 
where 𝐸2is the total intensity of the light wave. 𝐸0
2 = 𝐸0𝑥
2 + 𝐸0𝑦
2  is related to the intensity of 
the polarized component of the incident light wave. 𝑆0 is the total initial unpolarized intensity, 
and 𝑆1, 𝑆2, 𝑆3 are the Stokes parameters that describe the spherical angular coordinates 2χ and 
2ψ on the Poincarẻ sphere to determine the SOP of an incident optical wave as illustrated in 
Figure 26. 
 
Figure 26: Stokes space representation of a polarized optical beam on the Poincarẻ sphere [66] 
The DOP of an EM wave is given by a normalized magnitude of the Stokes parameters of 
polarization [66]. When a completely polarized EM wave is considered then, 







However, when a partially polarized EM wave is considered where 𝐸𝑜 < 𝐸, then the DOP can 












where 𝑆0 is the total initial unpolarized intensity, S1, S2, and S3 are components of the SOP on 
the Poincarẻ sphere known as stoke parameters. Therefore, the DOP of any EM wave projected 
onto a xy plane in a z-direction can be classified into three categories: 
DOP =1 when the light wave is completely (100%) polarized 
DOP<1 when the light wave is partially (less than 100%) polarized 
DOP=0 when the light wave is unpolarized (completely depolarized)  
3.3.2. Linewidth theory 
Lasers are optical sources that emit photons in a coherent, monochromatic and directional 
collimated beam. However, the laser output beam is not perfectly monochromatic but has a 
finite linewidth. The linewidth of a single-frequency laser is defined by the full width half 
maximum (FWHM) of the optical power spectral density (PSD) [45]. The finite linewidth is 
often caused by quantum mechanical fluctuations, laser cavity length fluctuations, vibrational 
fluctuations, and temperature fluctuations [72]. The potential for significantly narrow linewidth 
is one of the characteristics that make fibre lasers desirable for fibre-optic communication 
systems [20]. Depending on linewidth broadening effects and the quality of the mode selective 
filter used in the laser cavity, fibre lasers have the potential of linewidths in the kilohertz (kHz) 
region [16], [45].  
The linewidth of the optical carrier waves used in fibre-optic communication systems plays an 
important role in the transmission quality of the system. A study reported the reduction in 
transmission errors with the use of narrower linewidth lasers as the optical carrier wave for 
fibre-optic communication systems [73]. Furthermore, the potential for reduced chromatic 
dispersion (CD) penalty has been associated with the use of narrower linewidth lasers [74]. CD 
is a pulse broadening effect caused by the laser linewidth and the non-linear effects of an optical 
fibre. The propagation velocity of longitudinal modes in an optical fibre is refractive index 
dependent, therefore, various spectral components within the laser linewidth propagate at 
different velocities in the optical fibre waveguide. This effect has therefore been associated 
with intersymbol interference (ISI) between transmitted pulses, due to the difference in the time 
of arrival (TOA) of the various spectral components [75], [34], [76]. ISI is one of the most 
prominent distortion phenomena that cause high error rates and data loss in digital 
communication systems, where the transmitted data is a square waveform representing 1’s and 
0’s [77]. CD penalty is, therefore a wavelength-dependent power penalty for certain 
transmission distances in conventional millimetre-wave intensity modulation systems [76]. 
The fundamental linewidth also referred to as the intrinsic linewidth of a laser, limited by 
quantum mechanical fluctuations was first theoretically presented by A. L. Schawlow and C. 
H. Townes before the first laser was demonstrated [78]. This led to the famous Schawlow-










where hv represents the photon energy, ∆𝑣𝑐 is the cavity bandwidth (FWHM), and Pout is the 
laser output power. However, in practice, the laser linewidth is not solely limited by quantum 
mechanical fluctuations as previously stated. It is limited by the intrinsic linewidth, the laser 
cavity linewidth, and environmental perturbation effects. Furthermore, the quality of the filter 
or mode selective component used in the fibre laser cavity has a significant effect on the laser 
linewidth [79], [16], [42]. The linewidth of fibre lasers is often extremely narrow ranging 
between a few megahertz to kilohertz [45]. Fibre laser linewidths of this range are often too 
narrow to be measured with an optical spectrum analyser (OSA) [80]. This is because the 
resolution of OSAs, especially grating-based OSAs, is often too low to characterize linewidths 
of this magnitude. Therefore, coherent detection techniques such as homodyne and heterodyne 
detection are often used to characterize the linewidth of fibre lasers. This is because they have 
the potential for higher resolution to sufficiently measure linewidths of this magnitude [42], 
[45]. 
3.4. EDFL INTEGRATION WITH FIBRE-OPTIC COMMUNICATION SYSTEM 
Studying the performance of the designed EDFL when integrated with a practical fibre-optic 
communication system was the last research objective. The designed EDFL was integrated 
with the fibre-optic communication system through modulating it. The concept of modulation 
was briefly discussed in this section to understand it’s role in ensuring the integration of the 
EDFL with the communication link. Furthermore, a brief overview of the two techniques that 
were used in this project to evaluate the transmission quality was presented. The eye pattern 
technique was first used, followed by the bit error ratio (BER)technique. 
3.4.1. Modulation 
The conversion of an electrical digital information signal to its optical bitstream equivalent is 
the most fundamental process of any fibre-optic communication system. This data conversion 
process is known as modulation [5]. The basic modulation scheme used in fibre-optic 
communication systems is based on modulating the intensity of an optical carrier with a digital 
information signal in the electrical domain to obtain an optical bitstream. This modulation 
scheme is referred to as intensity modulation with direct detection (IM/DD) of the optical signal 
[6]. This modulation scheme was used in the application stage of the research project to achieve 
the fourth objective of the study. 
3.4.2. Eye pattern theory 
The eye pattern also referred to as the eye diagram, is a common measure of the transmission 
quality of a communication link, by measuring the effect of ISI in the transmission signal. It 
can be used to identify noise and jitter that can ultimately cause transmission errors in the signal 
[81]. The noise and jitter characteristics of the eye pattern can give a good prediction of the 
communication link transmission quality. 
The bit rate of a transmitted signal is a very important parameter when analysing the 
transmission quality by generating an eye pattern for transmitted data over a fibre-optic 
communication link. The bit rate quantified in bits per second (bps), is a measure of the number 
bits that can be transmitted per second by a digital communication system [82]. The horizontal 
sweep or eye width is determined by the bit period (Tb) of each bit in the transmitted optical 
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signal. The vertical axis or eye height is dependent on the optical intensity representing the 
logic 0 and 1 levels of the optical bitstream, where a logic 1 is represented by optical emission 
of constant high intensity, and a logic 0 has no optical emission [83]. For example, a 10Gbps 
bit rate data signal indicates that the Tb of each transmitted bit is 100ps, thus the eye width is 
100ps. 
The eye pattern is generated by an oscilloscope through repetitively sampling and applying the 
modulated optical bitstream from the IM to the vertical input of the eye. The received bits are 
continuously stacked on top of one another within the horizontal pulse duration sweep 
depending on their intensity level represented by the vertical sweep axis of the eye pattern. For 
a visual interpretation to help the reader understand, Figure 27 illustrates how the eye pattern 
is generated, an eye pattern of a non-return to zero (NRZ) bitstream. 
 
Figure 27: Eye pattern generation (a) Ideal eye pattern from noise and jitter-free transmission. (b) Practical eye pattern due to 
communication link noise 
A theoretical noise and jitter-free discrete pulse NRZ bitstream transmission with its associated 
eye pattern are illustrated in Figure 27(a). A practical communication link exhibits noise and 
jitter, thus a practical bitstream from such transmission and its associated eye pattern is 
illustrated in Figure 27(b). The theoretical eye pattern shows a clear distinction between the 
digital optical power levels 0 and 1 generated by the carrier wave yielding a very high eye-
opening given by ∆𝑃𝑜𝑢𝑡 as illustrated in Figure 27(a). In practical transmission systems a 
reduction in ∆𝑃𝑜𝑢𝑡 often occurs due to signal degradation effects in the fibre and noise from 
the transmitter and receiver used in the transmission link. The ∆𝑃𝑜𝑢𝑡 also referred to as the 
extinction ratio, expressed in decibels (dB) is a transmission characteristic used to quantify 
optical power noise levels in a communication link [84]. The plan was to evaluate the noise 
levels on the eye pattern and quantify the extinction ratio of the communication link when the 
designed EDFL was employed as the optical carrier wave, to determine if it was within the 6-
9dB acceptable range for fibre-optic communication systems [85], [86]. 
3.4.3. Bit error ratio theory 
The BER can be defined as the ratio of error bits to the total number of transmitted bits. It is 
dependent on the transmission link SNR; systems exhibiting high levels of noise are often 
susceptible to a high BER [87]. Furthermore, other transmission link factors such as 
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interference, distortion, attenuation, and bit synchronization problems can affect the BER of a 
transmission link [88]. Fibre-optic communication systems are typically expected to have a 
BER smaller than 10-12 [85]. 
3.5. CONCLUSION 
This chapter reviewed the literature on laser output characteristics desirable for 
telecommunication applications, and literature on the transmission quality evaluation 
techniques for fibre-optic communication systems. The theories discussed in this chapter, were 
important to help meet the four research objectives of this study. The literature on the optical 
output power characteristics of the EDFL characterized and optimized during the design stage 
of the project was first discussed. The first characteristic discussed was related to achieving the 
single-frequency design specification in grating-based EDFLs as stated by the first objective. 
The EDFL optical output power characteristics were the second characteristics discussed to 
help meet the second and third research objectives. These included the EDFL maximum optical 
output power and output power stability related to the RIN of the EDFL. The literature on the 
EDFL characteristics desired for successful integration of the designed EDFL with a fibre-optic 
communication system was then discussed. These characteristics were related to EDFL 
characteristics that were not characterized and optimized during the design stage of the project, 
but before the integration of the EDFL with the fibre-optic communication system. These 
EDFL characteristics were important to characterize at the application stage of the project to 
ensure the successful integration of the designed EDFL with the fibre-optic communication 
system. These characteristics included the linewidth and state of polarization of the designed 
EDFL optical output beam. Lastly, the literature related to the concept of modulation used to 
integrate the EDFL with a fibre-optic communication system, and the techniques used in this 
project to evaluate the transmission quality of the communication link was discussed. The two 
transmission quality measurement techniques discussed in this chapter were the eye pattern 
and BER techniques. In Chapter four, the low complexity single-frequency EDFL will be 




CHAPTER 4: SINGLE FREQUENCY EDFL DESIGN 
4.1. INTRODUCTION 
In this chapter, the first research objective is met. The first research objective was to design a 
low complexity single-frequency fibre laser configuration operating within the C-band fibre-
optic communication frequency bands. The low complexity single-frequency EDFL is 
proposed in the first section of this chapter, and an overview of its operating principle is 
discussed. The first research objective was made up of three design specifications that the 
design had to satisfy, to successfully meet the first objective. These design specifications were 
the complexity of the design, the number of frequencies emitted by the designed EDFL, and 
the suitability to operate within the C-band fibre-optic communication frequency band. An 
overview of how these design specifications are met by the proposed EDFL design is presented 
in the discussion section of this chapter. 
4.2. PROPOSED ERBIUM DOPED FIBRE LASER DESIGN 
In this section, the proposed EDFL design to meet the first research objective is presented as 
illustrated in Figure 28. The linear cavity configuration discussed in section 2.4, was adopted 
to help realize this design. 
 
Figure 28: Single frequency erbium-doped fibre laser design adopting the linear cavity configuration 
Optical amplification in the designed EDFL cavity was initiated by an external optical laser 
pump source operating within the erbium ion absorption spectra, at a wavelength of 976nm. 
The pump output was coupled to the EDF through a 980/1550 nm WDM coupler. The erbium 
ions in the EDF gain medium undergo the fundamental absorption and emission processes of 
photon-atom interaction as discussed in section 2.2 and 2.3. To achieve the single-frequency 
operation of the proposed EDFL design, an FBG mode selective filter was used. Therefore, the 
EDF output was butt-coupled to the FBG mode selective filter. The FBG has filtering and high 
reflection capabilities. It reflects a narrow band of the EDF output spectrum that is in phase 
with its reflection band at a central wavelength, λB, thus achieving single-frequency operation 
of the EDFL. The literature on the FBG theory is presented in Chapter three. The FBG reflected 
beam propagated through the EDF gain medium to the 1550nm port of the WDM coupler. This 
WDM port was butt-coupled to the input of a fibre loop mirror. The single-frequency beam 
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resonating in the cavity was then split at the optical coupler, with different coupling ratios to 
obtain a laser output and to achieve optical feedback at the looped optical circulator. 
4.3. DISCUSSION OF PROPOSED DESIGN 
The proposed low complexity single-frequency EDFL design met the fundamental 
requirements of a linear cavity configuration, and consequently the requirements of a general 
laser cavity [16], [29], [89]. Furthermore, preliminary experimental work was conducted on 
the proposed EDFL design illustrated in Figure 28. The preliminary studies illustrated that the 
proposed EDFL design was efficient in realizing a single-frequency EDFL output [19]. 
Therefore, the proposed EDFL design satisfied and met the first research objective. The first 
research objective was to design a low complexity single-frequency fibre laser configuration 
operating within the C-band fibre-optic communication frequency band. 
Operation of the designed EDFL within the C-band fibre-optic communication frequency band 
was one of the design specifications highlighted by the first research objective. To ensure that 
the designed EDFL met this specification, EDF with an emission spectrum covering the C-
band fibre-optic communication frequency band was chosen as the gain medium in the 
proposed EDFL design illustrated in Figure 28. Single-frequency operation of the designed 
EDFL was another design specification highlighted by the first research objective. This 
specification was achieved by using an FBG mode selective filter with a reflection band central 
wavelength, 𝜆𝐵, within the C-band fibre-optic communication frequency band, in the designed 
EDFL cavity. 
Low complexity was another design specification highlighted by the first research objective. 
The low complexity specification of the design was achieved through comparing the proposed 
EDFL design illustrated in Figure 28 with classic linear cavity EDFLs, ring cavity EDFLs and 
DFB FLs. When compared to the classic linear cavity EDFLs, the proposed design was simpler 
and more flexible in achieving single-frequency operation at any frequency within the C-band 
fibre-optic communication frequency band. This was due to the wide bandwidth characteristic 
of the fibre loop reflector used as the secondary mirror of the EDFL cavity and the dependency 
of the EDFL emission frequency on the single FBG mode selective filter used in the cavity. 
Whereas, in classic linear cavity configurations, the single-frequency operation is dependent 
on the spectral overlap of the two FBGs used in the cavity. These two FBGs must possess 
significantly close reflection bands to achieve a narrow linewidth single-frequency output [16], 
[21]. 
When compared to ring cavity EDFLs, the proposed design was less complex, because fewer 
components were used to realize the EDFL cavity. The use of fewer components in the 
proposed EDFL design also improves the intracavity losses exhibited in ring cavity EDFLs 
[22]. The schematic design of DFB FLs is fairly simple compared to the proposed EDFL 
design, however, the complex specialized fabrication of DFB FLs is limited to a few 
researchers and manufacturers that have machinery for manufacturing DFB FLs, therefore the 
proposed EDFL design, using commercially available components and equipment, was less 




In this chapter, the first research objective to design a low complexity single-frequency fibre 
laser configuration operating within the C-band fibre-optic communication frequency band was 
met. An EDFL design was proposed in this chapter, because of the characteristic emission 
spectra of EDF, which covers the C-band fibre-optic communication frequency band. The 
linear cavity configuration was adopted in the proposed EDFL design, because of its simplicity 
and suitability for the design of single-frequency fibre lasers [22]. Contrary to classic linear 
configuration EDFLs, the proposed EDFL design employed a single FBG in the cavity to 
satisfy the single-frequency design specification highlighted by the first research objective. The 
secondary resonator was a fibre loop reflector. 
The combination of the FBG and fibre loop reflector was a simpler and flexible technique to 
achieve single-frequency operation at any frequency within the C-band fibre-optic 
communication frequency band. This was based on the wide bandwidth characteristic of the 
fibre loop reflector, and the sole dependency of EDFL emission frequency on the single FBG 
employed in the cavity. Furthermore, when compared to other fibre lasers such as ring cavity 
configuration and DFB FLs, the proposed EDFL design was simpler and could be replicated 
with ease by any manufacturer or researcher with the necessary commercially available 
components. In Chapter five, the experimental work and results of the experimental studies 
conducted during the design stage of the project to meet the second and third research 
objectives will be presented.  
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CHAPTER 5: DESIGN EXPERIMENTAL WORK AND RESULTS 
5.1. INTRODUCTION 
In this chapter, the second and third research objectives are met. The second research objective 
was to study the effects of various cavity parameters on the optical output power characteristics 
of the designed EDFL. The third research objective was to optimize the designed EDFL for 
optimal optical output power characteristics. The output power characteristics studied in this 
chapter were the maximum optical output power and output power stability related to the 
intensity noise of the designed EDFL. The experimental work presented in this chapter was 
conducted during the design stage of the project, before integrating the designed EDFL with a 
fibre-optic communication system. The experimental characterization of the individual 
components employed to realize the proposed low complexity single-frequency EDFL design 
is first presented in this chapter. This experimental characterization aimed to study the various 
characteristics of the individual components, to better understand their contribution to optical 
amplification in the EDFL cavity. The characterized components included the pump source, 
the EDF, and the FBG. The proposed EDFL was constructed with characterized components. 
The designed EDFL is characterized and optimized for optimal maximum optical output power 
and output power stability is this chapter. The optimization technique was related to optimizing 
the key parameters of the EDFL cavity for optimal maximum output power and power stability, 
without changing the basic scheme of the design. The wavelength stability of the designed 
EDFL is also investigated and discussed in this chapter. 
5.2. PUMP SOURCE CHARACTERIZATION EXPERIMENTAL WORK AND RESULTS 
5.2.1. Experimental background – pump source characterization 
The pump source was the first EDFL cavity component to be characterized. The pump source 
for any laser cavity should satisfy the absorption spectra of the type of gain medium used in 
the laser resonating cavity to achieve electron excitation. A pump source operating within the 
980nm absorption spectra of erbium ions was required for the designed EDFL [35], [37]. The 
pump source experimental characterization was performed to ensure that its emission 
wavelength was within the erbium ion absorption spectra and to determine the relationship 
between its optical output pump power and the driving current induced by the pump source 
controller. 
5.2.2. Aim – pump source characterization 
The aim of the pump source characterization experimental work was to first ensure that its 
emission wavelength was within the absorption spectra of the erbium ions in the EDF gain 
medium, and to study the relationship between the pump source optical output pump power 
and the pump drive current induced by the pump source controller. The output power stability 
of the pump source was not experimentally characterized, because a <1% at 976nm operating 
wavelength power stability was defined in the pump source datasheet [90]. 
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5.2.3. Experimental set-up – pump source characterization 
The experimental set-up to study the pump source emission wavelength and pump power 
output response are illustrated in Figure 29. The experimental set-up to characterize the 
relationship between the pump source optical output power and the pump current induced by 
the pump source controller is illustrated in Figure 29(a). The experimental set-up to measure 
the emission wavelength of the pump source is illustrated in Figure 29(b). 
 
Figure 29: Pump source characterization experimental set-up (a) Output power response (b) Output emission wavelength 
A 500mW Thorlabs BL976-PAG500 butterfly CW semiconductor LD operating at 976nm in 
conjunction with a PRO 800 LD controller to control the pump source drive current was used 
as the pump source for the EDFL [90]. The pump source controller operated at a 24.6oC 
controller temperature. The evaluation of the pump source optical output power response was 
achieved by directly connecting the pump source output to an Agilent 8163A lightwave 
multimeter with an InGaAs photodiode [63] as illustrated in Figure 29(a). An AQ6317C 
Yokogawa OSA [80], was used to characterize the pump source emission wavelength as 
illustrated in Figure 29(b). 
5.2.4. Experimental results – pump source characterization 
The pump source characterization experimental results are illustrated in Figure 30. Figure 30(a) 
illustrates the measured optical output power of the pump source as a function of the pump 
drive current induced by the pump source controller, and Figure 30(b) illustrates the measured 
emission spectrum of the pump source. 
 
Figure 30: Pump source characterization results (a) Pump source output power response vs pump current (b) Pump source 
characteristic emission wavelength 
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5.2.5. Discussion – pump source characterization 
In Figure 30(a), the pump source output power response as a function of the drive current 
induced by the pump source controller is illustrated. The pump source optical output power 
had a linear output response with the pump drive current when the threshold was reached, the 
lasing threshold for the pump source was 64mA. A maximum of 375mW at 500mA optical 
output power was measured for the pump source, resulting in a 75% calculated electrical to 
optical efficiency. The electrical to optical efficiency was calculated using the ratio of the 
output pump power to the input pump current. The pump diode is capable of 500mW output 
power at a drive current of 830mA as specified in the product datasheet [90]. Furthermore, the 
pump source characterization illustrated that some pigtail connectors available at the laboratory 
were damaged when the pump source was driven above 250mA(150mW). This observation 
was important because this effect proved to be a limiting factor in some experiments conducted 
in this project. Therefore, the maximum pump power was limited to 150mW for the 
experimental work employing these pigtail connectors. Figure 30(b) illustrated that the peak 
radiation of the pump laser diode was at a wavelength of 976.092nm as observed on the OSA. 
The measured pump source wavelength was within the absorption spectra of EDF, which 
indicated that the characterized laser diode would be an efficient pump source for the designed 
EDFL. 
5.3. EDF CHARACTERIZATION EXPERIMENTAL WORK AND RESULTS 
5.3.1. Experimental background – EDF erbium ion concentration characterization 
In this experiment, the EDF gain medium was characterized. The characteristic emission band 
of EDF is a broadband spectrum known as ASE. The ASE of EDF covers the C-band with 
operating wavelengths between 1530nm and 1565nm [35], [37], [91]. The broadband emission 
spectrum of the EDF is dependent on the glass fibre host doping material due to the splitting 
of ionic energy levels for erbium ions in the glass fibre host [37] as discussed in section 2.3. 
Recent studies analyse peculiar features of EDFs such as excited-state absorption (ESA), the 
formation of erbium ion pairs (IPs), and the ASE spectrum [21], [92]. The main interest in the 
EDF gain medium characterization was to study the dependency of the ASE gain and 
bandwidth spectrum on the erbium ion concentration because the erbium ion concentration was 
the only EDF parameter studied for its effects on the EDFL output optical power quality in this 
project. 
5.3.2. Aim – EDF erbium ion concentration characterization 
The aim of the EDF experimental characterization was to study the dependency of the output 
characteristics of the EDF gain medium on the erbium ion concentration. The ASE is an 
important characteristic that gives an idea about the emission spectra of the EDF and 
determines the bandwidth over which EDFLs can be realized. The gain and bandwidth of the 
ASE as a function of the erbium ion concentration were studied to understand the effect of 
erbium ion concentration on the gain and bandwidth over which EDFLs can be realized. 
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5.3.3. Experimental set-up - EDF erbium ion concentration characterization 
The experimental set-up used to study and characterize the effect of erbium ion concentration 
on the gain and bandwidth of the EDF ASE is illustrated in Figure 31. 
 
Figure 31: EDF characterization experimental set up 
Three EDFs, from the same manufacturer (Fibrecore), with 960ppm, 2200ppm, and 3100ppm 
erbium ion concentration levels were characterized. The length of each EDF was three meters. 
The EDF was pumped through a 980/1550nm WDM with a 150mW (250mA) pump power 
using the characterized 976nm pump source. The drive current of 250mA was used to limit 
damage to the pigtail fibre connectors. This emission response of the EDF output spectrum was 
measured using an OSA [80] as illustrated in Figure 31. 
5.3.4. Experimental results - EDF erbium ion concentration characterization 
Figure 32 illustrates the EDF output response as a function of the three erbium ion 
concentration EDFs 960ppm, 2200ppm, and 3100ppm erbium ion, respectively as measured 
with an OSA. 
 
Figure 32: : Erbium-doped fibre concentration characterization 960ppm, 2200ppm, and 3100ppm characterization at a 
250mA pump drive current(150mW) 































5.3.5. Discussion - EDF erbium ion concentration characterization 
The EDF gain characteristic (in dBm) was studied as a function of three erbium ion 
concentration EDFs. An increase in the ASE spectrum gain with low erbium ion concentration 
was observed when comparing the emission spectra of the three ion concentration EDFs as 
illustrated in Figure 32. The low concentration (960ppm) EDF had a superior gain response 
compared to the higher concentration (2200ppm and 3100ppm) EDFs. Therefore, the gain of 
the EDF emission response had an inverse relationship with the erbium ion concentration The 
lower gain in the higher erbium ion concentration EDFs can be attributed to the up-conversion 
processes that occur in heavily doped fibres, where some IPs (co-located ions in the active 
fibre) may absorb incident pump radiation and continuously pass the energy between one 
another without contributing to the emission processes in the EDF for higher gain [21], [92], 
[93]. This effect indicated that the designed EDFL may experience higher optical output power 
fluctuations, because these IPs may contribute to the gain in the EDFL cavity at times. 
Furthermore, it was observed that the output spectra of the three erbium ion concentration EDFs 
cover the C-band with a slightly flattened gain between 1540nm and 1560nm; which is the 
characteristic response expected for EDF [35], [94], [95]. A small spectrum narrowing of the 
ASE bandwidth was observed with an increase in the erbium-ion concentration as illustrated 
in Figure 32. This observation indicated that higher erbium ion concentration EDFs yield a 
narrower ASE output. This effect has been reported in the literature [18]. Furthermore, the 
literature has related the spectrum narrowing effect of heavily doped EDFs to an increase in IP 
formation [18]. 
5.4. FBG CHARACTERIZATION EXPERIMENTAL WORK AND RESULTS 
5.4.1. Experimental background – FBG characterization 
The FBG was used in the proposed EDFL cavity to satisfy the single-frequency operation 
design specification highlighted by the first research objective. The literature on the FBG and 
how it is often used in grating-based fibre laser designs to achieve single-frequency operation 
was discussed in section 3.2. This literature highlighted the spectral response of these 
components, and their dependency on temperature [47], [49]. The aim of the first FBG 
experimental characterization was to study its spectral response and determine its reflection 
band, as a tool used in this project to achieve single-frequency operation of the EDFL. This 
experimental study was important to ensure that the FBG reflection band was within the 
emission spectra of the EDFs used in this project, to ensure lasing and achieve a single-
frequency EDFL operating within the C-band telecommunication frequency band.  
The literature presented in section 3.2 highlighted the dependency of the FBG reflection band 
central wavelength, 𝜆𝐵, on strain and temperature [49]. It was easier to minimize strain effects 
on the FBG in the EDFL cavity than it was to minimize temperature effects on the FBG because 
efforts to minimize the temperature effect require components such as athermal packaging [49], 
[50], [51], [52]. Therefore, the aim of the second FBG experimental characterization was to 
evaluate the FBG reflection band central wavelength, 𝜆𝐵, dependency on temperature. This 
dependency was of particular interest in this study, because the emission wavelength of the 
proposed EDFL was dependent on the FBG reflection band central wavelength, 𝜆𝐵, as a mode 
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selective filter. Therefore, shifts in the FBG reflection band may result in undesirable 
fluctuations in the EDFL emission wavelength. 
5.4.2. Aim – FBG characterization  
The FBG experimental characterization aimed to evaluate the FBG spectral response. The main 
interest in the FBG spectral response characterization was the reflection band. The FBG 
reflection band was used as the mode selective component in the proposed EDFL cavity to 
minimize mode competition and achieve single-frequency operation. Therefore, the reflection 
band with a central wavelength, 𝜆𝐵, would help to determine the emission wavelength of the 
EDFL design. This would ensure that the EDFL was designed to operate at a single frequency 
within the C-band fibre-optic communication frequency band as highlighted by the first 
objective. The FBG spectral response experimental characterization was also to ensure that the 
FBG reflection band was within the C-band emission spectra of the EDFs used in this project, 
to ensure that single-frequency lasing would occur. The specifications of the FBG employed 
in this project as provided by the datasheet included a 94% reflectivity, 19dB sidelobe 
suppression ratio (SLSR), and a FWHM of 0.285nm. The FBG FWHM was not experimentally 
measured for comparison with the datasheet specified FWHM. According to literature, the 
FBG SLSR and FWHM specifications were poor for designing an ultra-narrow linewidth 
EDFL [79]. However, due to limited resources, this FBG was used. The aim of the second FBG 
experimental characterization study was to evaluate the FBG reflection band central 
wavelength, 𝜆𝐵, dependency on temperature. The FBG temperature dependence was studied 
through the constant monitoring of the FBG reflection band central wavelength,𝜆𝐵, using a 
Bragg meter. 
5.4.3. Experimental set-up – FBG spectral response characterization 
The experimental set-up for the FBG spectral response experimental characterization is 
illustrated in Figure 33. 
 
Figure 33FBG spectral response characterization experimental set-up 
A broadband superluminescent diode (SLD) source, with a broadband wavelength output 
illustrated in Figure 34, was used to illuminate the FBG through the first port of an optical 
circulator. The broadband spectra were transmitted to the FBG which was butt-coupled to the 
second port of the circulator as illustrated in Figure 33. The reflection band of the FBG 
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illustrated in Figure 35, was reflected to the third port of the circulator. The reflection and 
transmission spectral responses of the FBG were observed on an OSA as illustrated by the 
experimental set-up in Figure 33. 
5.4.4. Experimental results – FBG spectral response characterization 
The experimental results of the FBG spectral response characterization are illustrated in Figure 
34, Figure 35, and Figure 36. Figure 34 illustrates the broadband output spectrum of the SLD, 
Figure 35 illustrates the FBG reflection band with a central 𝜆𝐵, and Figure 36 illustrates the 
FBG transmission spectrum with the filtered FBG reflection band. 
 




Figure 35: FBG reflected Bragg wavelength (λB) 
 
Figure 36: FBG transmission spectrum with filtered Bragg wavelength (λB) 
5.4.5. Discussion – FBG spectral response characterization 
The SLD emission spectra transmitted to the FBG covers the C- and L-bands from 1470nm to 
1600nm as illustrated in Figure 34. The FBG filtering capabilities were illustrated by the 
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reflection band spectral response illustrated in Figure 35 and by the transmission band spectral 
response illustrated in Figure 36. The peak reflection of the FBG was at 1540.14nm as 
illustrated in Figure 35. The peak reflection wavelength is the FBG central wavelength, 𝜆𝐵, in 
which the single-frequency operation design specification was dependent on. The measured 𝜆𝐵 
was within the C-band fibre-optic communication frequency band, which indicated that the 
designed EDFL would operate within the desired C-band frequency band [82]. Figure 36 
illustrated the transmission band of the FBG. 
5.4.6. Experimental set-up – FBG temperature dependence characterization 
The experimental set-up used to study the FBG temperature dependence is illustrated in Figure 
37. 
 
Figure 37: FBG temperature dependence characterization set-up 
An MSH-300N magnetic stirrer with a hot plate was used to heat a glass beaker filled with 
600ml of water and the FBG under test to 90oC [96]. The temperature in the glass beaker was 
monitored using a Unitronics V350 PLC with a PT100 temperature gauge [97], [98]. The 𝜆𝐵 
of the FBG reflection band was monitored using a HBM FS 22SI Bragg meter and a computer 
with the Bragg monitor software to evaluate its temperature dependence [99]. 
5.4.7. Experimental results – FBG temperature dependence characterization 
The experimental results of the FBG temperature dependence characterization are illustrated 
in Figure 38. In this experiment, the wavelength shift with temperature was monitored and 




Figure 38: FBG reflection band 𝜆𝐵temperature dependence results 
5.4.8. Discussion – FBG temperature dependence characterization 
A lineal relationship was observed between the FBG Bragg wavelength, 𝜆𝐵, and the measured 
temperature as illustrated in Figure 38. A significantly high R2 value of 0.9982 indicated that 
the relationship between the 𝜆𝐵 and temperature was highly correlated, and therefore lineal. A 
10pm/oC mean temperature sensitivity was calculated for the FBG 𝜆𝐵. These experimental 
results indicated that the designed EDFL employing the characterized FBG could potentially 
experience fluctuations in the emission frequency because the EDFL emission frequency is 
dependent on the temperature sensitive FBG Bragg wavelength, 𝜆𝐵. Fluctuations in the EDFL 
emission frequency are related to the wavelength stability characteristic of the EDFL, therefore 
experimental studies to evaluate the wavelength stability of the designed EDFL were planned 
due to the significant dependence of the FBG 𝜆𝐵 on temperature. 
5.5. ERIBIUM ION CONCENTRATION CHARACTERIZATION AND OPTIMIZATION 
EXPERIMENTAL WORK AND RESULTS 
5.5.1. Experimental background – erbium ion concentration characterization and optimization 
The gain medium was an element of interest in characterizing and optimizing the EDFL for 
optimal maximum optical output power and output power stability because it was the main 
source of optical amplification in the EDFL cavity. The optical output of a laser operating 
above a threshold is based on stimulated emission, however spontaneous emission is often 
present in the laser cavity, and thus also emitted [56], [58]. The spontaneous emission produced 
in the gain medium has been reported as the dominant source of RIN [56], [58]. Therefore, this 
literature was one of the motivations to investigate the erbium ion concentration on the EDFL 
optical output power quality. 
In literature, heavily doped EDFs have been demonstrated to exhibit spectrum narrowing due 
to an increase in IP formation percentages in the fibre; where IP is related to co-located ions in 
the fibre [18]. The spectrum narrowing effect of heavily doped EDFs has also been 
demonstrated by the EDF experimental characterization study presented in section 5.3. The 
spectrum narrowing effect of heavily doped EDFs has been linked to the desirable narrower 
linewidth characteristic of EDFLs [21]. However, the increase in IP formation in heavily doped 
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EDFs results in up-conversion mechanisms. These up-conversion processes are homogeneous 
up-conversion (HUC) and inhomogeneous interaction referred to as pair induced quenching 
(PIQ) [93]. The up-conversion mechanisms exist between ions that reside in pairs or even larger 
clusters in the fibre core due to the intra-core erbium density distribution [93] The increase in 
the erbium ion concentration causing these up-conversion processes, has been reported to 
deteriorate the efficiency of optical gain, and consequently affecting the output power quality 
of EDFLs [22]. This literature illustrated the importance of optimizing the erbium ion 
concentration of the gain medium, for optimal maximum optical output power and output 
power stability. The erbium ion concentration optimization experimental work was related to 
studying the effects of different erbium ion concentration EDFs on the EDFL optical output 
power quality, and therefore selecting the optimal erbium ion concentration EDF that yielded 
optimal maximum optical output power and output power stability. 
5.5.2. Aim – erbium ion concentration characterization and optimization 
The aim of this experimental work was to study the effects of the EDF gain medium erbium 
ion concentration on the designed EDFL optical output power characteristics. The EDFL 
optical output power characteristics were the maximum optical output power and output power 
stability. Thereafter, the experimental results would be used to optimize the gain medium of 
the designed EDFL to achieve an optimal maximum optical output power and output power 
stability. 
5.5.3. Experimental set-up – erbium ion concentration characterization and optimization 
The experimental set-up to study and optimize the effects of the erbium ion concentration on 
the designed EDFL optical output power characteristics is illustrated in Figure 39. 
 
Figure 39: Erbium ion concentration EDFL output power effects characterization and optimization set-up 
The designed EDFL configuration for the erbium ion concentration characterization and 
optimization study employed an FBG operating at 1540.12nm and a 90/10 output coupler. 
Preliminary experiments demonstrated that high output powers can be obtained with the 
designed EDFL when a 90/10 output coupler was used in the cavity; wherein the output ratio 
to obtain an optical output was 90% and the feedback ratio to sustain stimulated emission was 
10% [19]. Therefore, the 90/10 coupler was used in this study to evaluate the effect of erbium 
ion concentration on the EDFL maximum optical output power and output power stability as 
illustrated in Figure 39. Literature has reported a linear increase in the EDFL maximum optical 
output power with an increase in the EDF length [30]. Furthermore, this literature illustrated 
62 
 
that EDFL maximum optical output powers were achieved when EDFs of 3.5 meters were used 
in the gain medium. Moreover, a reduction in the EDFL maximum optical output power was 
reported for EDF lengths above 3.5meters [30]. Therefore, based on available resources, three-
meters of low (960ppm), moderate (2200ppm), and high (3100ppm) erbium ion concentration 
EDFs were used in this study to evaluate the effect of the erbium ion concentration on the 
maximum optical output power and output power stability of the designed EDFL. 
5.5.4. Experimental results – erbium ion concentration characterization and optimization 
The experimental results of the EDF gain medium erbium ion concentration effects on the 
optical output power quality of the designed EDFL are illustrated in Figure 40. Figure 40(a) 
illustrates the EDFL maximum optical output power as a function of the erbium ion 
concentration and pump power. Figure 40(b) illustrates the EDFL output power stability as a 
function of the erbium ion concentration. 
 
Figure 40: EDFL output power characterization as a function of erbium ion concentration (a) Maximum output optical power 
(b) Optical power stability 
The maximum output optical power of the designed EDFL as a function of erbium ion 
concentration is illustrated in Figure 40(a). An Agilent 8163A lightwave power meter was used 
to measure the effects of the individual erbium ion concentration EDFs on the EDFL maximum 
output power with varied pump power [63]. The normalized output power stability of the 
EDFL, as a function of the various erbium ion concentration EDFs used in the gain medium of 
the designed EDFL, is illustrated in Figure 40(b). The output power stability was normalized 
to illustrate comparable power stability between the various output power fluctuations 
measured for the designed EDFL as a function of the different erbium ion concentration EDFs 
used in the gain medium. The output power stability was measured at a constant 450mA 
(330mW) pump power because pump powers above the threshold pump power are required to 
achieve a high output power stability for EDFLs [59], [65]. Furthermore, the effects of the 
erbium ion concentration on the designed EDFL maximum output power and output power 
stability were evaluated at room temperature. 








































































5.5.5. Discussion – erbium ion concentration characterization and optimization 
In Figure 40(a), the effects of erbium ion concentration on the EDFL maximum optical output 
optical power with varied pump power were illustrated. These experimental results illustrated 
that higher EDFL optical output powers were obtained with higher erbium ion concentration 
EDFs used as the EDFL gain medium. This was due to the lineal relationship observed between 
the EDF erbium ion concentration and the EDFL optical output power in Figure 40(a). This 
effect may have been a result of more erbium ions taking part in the absorption and emission 
processes in the higher erbium ion concentration EDFs such as the 2200ppm and 3100ppm 
than in lower erbium ion concentration EDFs such as the 960ppm EDF [18]. This conclusion 
indicated that the output power efficiency of EDFL was dependent on the gain medium. This 
conclusion further indicated that high EDFL optical output powers, above 10mW, cannot be 
achieved with low concentration EDFs for this EDFL configuration. Maximum EDFL optical 
output powers of 4.9mW, 11.5mW, and 21mW were measured for the 960ppm, 2200ppm, and 
3100ppm erbium ion concentration EDFs, respectively. Lastly, the threshold power response 
of the designed EDFL was observed to be similar for the various erbium ion concentration 
EDFs used as the EDFL gain medium as illustrated in Figure 40(a). Therefore, the threshold 
power of the designed EDFL was independent of the EDF gain medium erbium ion 
concentration. 
The EDFL output power stability as a function of erbium ion concentration was studied over a 
period of 60-minute at room temperature. The aim of this study was to evaluate the effects of 
erbium ion concentration on the EDFL optical output power fluctuations related to the output 
power stability; which contributes to the total RIN exhibited by the designed EDFL [55]. The 
experimental results of the normalized optical output power fluctuations related to the EDFL 
output power stability as a function of erbium ion concentration were presented in Figure 40(b). 
The output power fluctuations were within 90% of the normalized output power stability as 
illustrated in Figure 40(b). This observation illustrated that the EDFL optical output power 
fluctuations as a function of the three erbium ion concentration EDFs were narrow. The 95% 
CI defined by equation (3.4) was considered when analysing the EDFL output power stability 
as a function of the erbium ion concentration. The mean range defined by the 95% CI was 
unique for the EDFL optical output power fluctuations measured as a function of the three 
erbium ion concentration EDFs. The average EDFL optical output power stability as a function 
of the erbium ion concentration was 0.04dB, 0.31dB, and 1.29dB for the 960ppm, 2200ppm, 
and 3100ppm erbium ion concentration EDFs, respectively. It was found that an inverse 
relationship existed between the EDFL optical output power stability and the erbium ion 
concentration because the EDFL exhibited lower output power fluctuations with lower erbium 
concentration EDFs than with higher erbium ion concentration EDFs. The low EDFL output 
power stability with higher erbium ion concentration EDFs may be associated with the up-
conversion processes that have been linked with heavily doped active fibres [93]. 
The EDFL optimization for optimal maximum optical output power and output power stability, 
as a function of erbium ion concentration, was based on the conclusions made from studying 
the effects of erbium ion concentration on the EDFL maximum output power and output power 
stability. The erbium ion concentration EDF that yielded a high optical output power and output 
power stability was selected as the optimal gain medium for the designed EDFL. The lineal 
relationship between the maximum optical output power and the erbium ion concentration 
indicated that a higher concentration EDF was an optimal gain medium for the designed EDFL. 
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However, the inverse relationship between the output power stability and erbium ion 
concentration indicated that a lower erbium ion concentration was optimal for the designed 
EDFL. Therefore, the moderately doped (2200ppm) EDF was selected as the optimal active 
fibre for the designed EDFL configuration. This conclusion was first motivated by the high 
(11.5mW) EDFL output power yielded by this EDF compared to the low (4.9mW) yielded by 
the low concentration (960ppm) EDF. This conclusion was also motivated by the higher EDFL 
output power stability yielded by the moderately doped (2200ppm) EDF compared to the 
heavily doped (3100ppm) EDF. Although the heavily doped EDF yielded the highest EDFL 
optical output power, its low output power stability indicated that the EDFL would exhibit a 
higher RIN, which can reduce the OSNR of the designed EDFL, and consequently, reduce the 
OSNR of a fibre-optic communication system [56]. 
5.6. COUPLING RATIO CHARACTERIZATION AND OPTIMIZATION 
EXPERIMENTAL WORK AND RESULTS 
5.6.1. Experimental background – coupling ratio characterization and optimization 
The dominance of stimulated emission in the laser cavity ensures continuous lasing and lower 
levels of ASE. ASE is the main source of RIN in the laser output [56], [58]. Sustaining high 
stimulated emission and low ASE in the laser cavity while obtaining a laser output is important 
to achieve a low RIN and a high OSNR of the designed EDFL [16], [39]. The output coupling 
is one of the parameters that can potentially affect sustained stimulated emission in the cavity 
[22]. The optical coupler is a component responsible for coupling a portion of the cavity energy 
out to obtain a laser output and feeding another portion back into the cavity to sustain stimulated 
emission. 
A study adopting an erbium-doped fibre ring laser (EDFRL) presented the positive relationship 
between the optical output power and high output coupling ratios [18]. However, they also 
reported that high output coupling ratios may result in unstable operation of these EDFRLs. It 
was concluded that the unstable output power operation experienced in their study may be due 
to an increase in ASE in the cavity because a small amount of energy was fed back into the 
cavity to sustain stimulated emission at high output coupling ratios. Based on this study, the 
effects of various output coupling ratios on the maximum optical output power and output 
power stability of the EDFL were studied and optimized for the designed EDFL. The 
optimization approach was related to the selection of an optimal coupling ratio that yielded 
optimal maximum optical output power and output power stability for the designed EDFL. 
5.6.2. Aim – coupling ratio characterization and optimization 
The aim of the coupling ratio characterization and optimization experimental work was to study 
the effects of the coupling ratio on the designed EDFL optical output power characteristics 
when the experimentally optimal 2200ppm EDF was used as the gain medium. Thereafter, the 
experimental results would be used to optimize the output coupling ratio of the designed EDFL 
to achieve an optimal maximum optical output power and output power stability. 
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5.6.3. Experimental set-up – coupling ratio characterization and optimization 
The experimental set-up to study and optimize the effects of the coupling ratio on the designed 
EDFL maximum optical output power and output power stability is illustrated in Figure 41. 
 
Figure 41: Coupling ratio EDFL output power effects characterization and optimization set-up 
The output coupling ratio optimization study was conducted by adopting the erbium ion 
concentration optimized EDFL design, wherein the optimal three-meter 2200ppm erbium ion 
concentration EDF was used as the gain medium. The preliminary studies conducted for the 
designed EDFL as a function of the coupling ratio demonstrated that a high optical output 
power was obtained with high output coupling ratios [19]. However, the study used a long 
length, high erbium ion concentration EDF that might have also contributed to the obtained 
high optical output power. Therefore, the preliminary study was repeated in this section to 
study the effects of the output coupling ratio on the maximum optical output power and output 
power stability of the erbium ion concentration optimized EDFL. 90/10 and 80/20 output 
optical couplers were used interchangeably at the fibre loop mirror to study the effects of the 
output coupling ratio on the EDFL maximum output power and output power stability with 
varied pump power. For this study, the coupler port used to obtain a laser output from the EDFL 
cavity was referred to as the output ratio, and the one used to sustain stimulated emission in the 
EDFL cavity was referred to as the feedback ratio. When the 90/10 optical coupler was used, 
the 90% port was first used as the output port while the 10% port was the feedback port. In the 
second experiment, the 10% coupler port was the output port and 90% was the feedback port. 
This method also applied to the 80/20 optical coupler experiments as illustrated in Figure 41. 
5.6.4. Experimental results – coupling ratio characterization and optimization 
The experimental results of the coupling ratio effects on the EDFL optical output power quality 
are illustrated in Figure 42. Figure 42(a) illustrates the EDFL maximum optical output power 
as a function of the output coupling ratio and pump power. Figure 42(b) illustrates the EDFL 





Figure 42: EDFL output power characterization as a function of output coupling ratio (a) Maximum output optical power  (b) 
Optical power stability 
The maximum optical output power of the designed EDFL as a function of output coupling 
ratio is illustrated in Figure 42(a). An Agilent 8163A lightwave power meter was used to 
measure the effects of the individual coupling ratios on the EDFL maximum optical output 
power with varied pump power [63]. The normalized output power stability of the EDFL as a 
function of output coupling ratio is illustrated in Figure 42(b). The output power stability was 
normalized to illustrate comparable power fluctuations between the high optical output powers 
measured for high output ratios and the low optical output powers measured for low output 
ratios. Pump powers above the threshold pump power are required to achieve a high output 
power stability for EDFLs [59], [65]. Therefore, the output power stability was measured at a 
constant 450mA (330mW) pump power. Furthermore, the effects of the output coupling ratio 
on the designed EDFL maximum optical output power and output power stability were 
evaluated at room temperature. 
5.6.5. Discussion – coupling ratio characterization and optimization 
Figure 42(a) illustrated the dependency of the maximum optical output power on the four 
output ratios of the output coupler. These experimental results illustrated that higher optical 
output powers were obtained with high output ratios (80% and 90%) than with low output ratios 
(20% and 10%) for the designed EDFL. This effect was due to more energy being coupled out 
of the EDFL cavity [18], [89]. This observation first indicated that the effects of output 
coupling ratio on the EDFL maximum optical output power were independent of the gain 
medium erbium ion concentration and length, because this was the same observation made in 
the preliminary study [19]. This observation also indicated that small feedback ratios were 
sufficient to sustain stimulated emission in the cavity, and continuous lasing of the designed 
EDFL. Continuous pumping of the gain medium by the pump source may also be a major 
contributing factor in sustaining stimulated emission and the continuous lasing, thus assisting 
the low feedback energy. It was observed from Figure 42(a), that the maximum optical output 
power for low output ratios (10% and 20%) saturated below 2mW, even with increasing the 
pump power. This observation illustrated that high optical output powers cannot be obtained 
with low output ratios in the designed EDFL configuration. Furthermore, a lineal relationship 
































































between the maximum optical output power and the output ratio was observed. A maximum 
optical output power of 0.4mW, 1mW, 6.3mW, and 11.5mW was measured for the 10%, 20%, 
80%, and 90% output ratios, respectively. Lastly, a lower threshold power response was also 
observed to be associated with an increase in the output ratio of the optical coupler. The 
threshold power for the lower output ratios was larger than that of the higher output ratios as 
illustrated in Figure 42(a). The threshold power was 110mA(45mW) for the 90% output ratio, 
130mA(55mW) for the 80% output ratio, and 200mA(100mW) for the 10% and 20% output 
ratios. Therefore, the EDFL threshold power was dependent on the output coupling ratio. 
Fluctuations in the optical output power of the designed EDFL were studied over a period of 
60 minutes at room temperature. The EDFL output power stability as a function of output 
coupling ratio was studied to evaluate the effects of the output coupling ratio on the output 
power fluctuations exhibited by the EDFL, which contribute to the total RIN of the designed 
EDFL [55]. The experimental results of the normalized optical output power fluctuations 
related to the EDFL output power stability as a function of coupling ratio were presented in 
Figure 42(b). The optical output power fluctuations were within 90% of the normalized output 
power stability as illustrated in Figure 42(b). This observation illustrated that the optical output 
power fluctuations as a function of the various output ratios were small. The 95% CI defined 
by equation (3.4), was considered in the analysis of the EDFL output power stability as a 
function of the output coupling ratio. The mean range defined by the 95% CI was unique for 
the EDFL optical output power fluctuations measured as a function of the four output ratios 
used in the EDFL cavity. The average output power stability was 0.02dB, 0.12dB, 0.14dB, and 
0.23dB for the 90%, 80%, 10%, and 20% output ratios, respectively. Based on the average 
output power stability results, high output ratios yielded a higher output power stability 
compared to lower output ratios for the designed EDFL cavity. 
The EDFL optimization as a function of output coupling ratio was based on considering the 
conclusions drawn from studying the effects of the output coupling ratio on the EDFL 
maximum optical output power and output power stability. The coupling ratio configuration 
that yielded an optimal maximum optical output power and output power stability was selected 
as the optimal coupling ratio configuration for the designed EDFL. It was concluded that the 
90/10 output coupler with a 90% output ratio and a 10% feedback ratio, was optimal for the 
designed EDFL configuration. This was because the highest possible EDFL optical output 
power and output power stability were obtained with this output coupler configuration. 
5.7. CAVITY LENGTH CHARACTERIZATION AND OPTIMIZATION EXPERIMENTAL 
WORK AND RESULTS 
5.7.1. Experimental background – cavity length characterization and optimization 
The cavity length of a laser is the first longitudinal mode filter of a laser cavity followed by the 
gain medium and a mode selective filter as discussed in section 2.2 and section 3.2 [29], [39]. 
In the designed EDFL configuration, the cavity length, the EDF, and the FBG were the first, 
second, and third longitudinal mode filters used to achieve single-frequency operation. The 
longitudinal modes resonating within the FBG reflection band were dependent on those 
permitted by the cavity length and the EDF filters. The FBG mode selective filter used in the 
designed EDFL cavity had a wide manufacturer specified linewidth of 0.285nm. The FBG 
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linewidth indicated that a wide range of longitudinal modes can be reflected by the FBG if 
permitted by the cavity length and the EDF filters. Therefore, variations in the cavity length 
may lead to the introduction of more longitudinal modes that are within the EDF and FBG 
filtering bands. Such additional longitudinal modes would need to share the cavity energy, and 
consequently affect the maximum optical output power and output power stability of designed 
EDFL. The literature reports an improvement in the optical output power of fibre lasers with 
shorter cavity lengths [18], [100], [101]. This literature motivated the study into the effect of 
cavity length on these two EDFL optical output power characteristics as one of the power 
optimization approaches. 
5.7.2. Aim – cavity length characterization and optimization 
The aim of the cavity length experimental work was to study the effects of the cavity length on 
the designed EDFL maximum optical output power and output power stability, through varying 
the fibre loop length of the design. The optimal fibre loop length that yielded an optimal 
maximum optical output power and output power stability of the designed EDFL would be 
selected as the optimal fibre loop length for the designed EDFL. 
5.7.3. Experimental set-up – cavity length characterization and optimization 
The experimental set-up to study and optimize the effects of the cavity length on the designed 
EDFL maximum optical output power and output power stability is illustrated in Figure 43. 
 
Figure 43: Cavity length EDFL output power effects characterization and optimization set-up 
This study was conducted by adopting the EDFL design experimentally optimized for the 
erbium ion concentration and the output coupling ratio. This EDFL cavity employed the 
optimal 2200ppm erbium ion concentration EDF in the gain medium and a 90/10 optimal 
output coupler. The cavity length was increased by splicing different lengths of SMF between 
the butt-coupled circulator ports to vary the fibre loop length, and consequently the cavity 
length as illustrated in Figure 43. The first study was conducted with the butt-coupled ports i.e. 
0-meters of additional SMF between the circulator ports; thereafter one, two, three, and four 
meters of SMF was spliced between the butt-coupled circulator ports. This was done to evaluate 
the effect that an increase in cavity length had on the maximum optical output power and output 
power stability of the designed EDFL. 
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5.7.4. Experimental results – cavity length characterization and optimization 
The experimental results of the cavity length characterization and optimization study are 
illustrated in Figure 44. Figure 44(a) illustrates the EDFL maximum optical output power as a 
function of the cavity length and pump power. Figure 44(b) illustrates the EDFL output power 
stability as a function of the cavity length. 
 
Figure 44: EDFL output power characterization as a function of cavity length (a) Maximum output optical power  (b) Optical 
power stability 
The maximum optical output power of the designed EDFL as a function of cavity length is 
illustrated in Figure 44(a). An Agilent 8163A lightwave power meter was used to measure the 
effects of the cavity length on the EDFL maximum optical output power with varied pump 
power [63]. The normalized output power stability of the EDFL as a function of cavity length 
is illustrated in Figure 44 (b). The output power stability was normalized to illustrate 
comparable optical output power fluctuations between the high EDFL output powers measured 
for shorter cavities and the lower EDFL output powers measured for longer cavities. The output 
power stability was measured at a constant 150mW (250mA) pump power. This pump power 
was selected because available connectors at the time of these experiments were damaged by 
pump powers above 150mW(250mA). However, this pump power was still sufficient to 
experiment, because it was above the threshold pump power as required [59], [65]. 
Furthermore, the effects of the cavity on the designed EDFL maximum optical output power 
and output power stability were evaluated at room temperature. 
5.7.5. Discussion – cavity length characterization and optimization 
The EDFL maximum optical output power as a function of cavity length with varied pump 
power is illustrated in Figure 44(a). These experimental results illustrated that higher EDFL 
optical output powers were obtained with a shorter EDFL cavity than with longer EDFL 
cavities. This effect may result from the possibility of additional longitudinal modes being 
permitted by the cavity length as the first longitudinal mode filter to share in the cavity energy 
[29], [39]. This observation indicated that the EDFL optical output power exhibited an inverse 
relationship with the cavity length [100]. It further indicated that higher output powers can 





























































potentially be achieved by designing shorter EDFL cavities. At a 250mA(150mW) pump 
power, the EDFL maximum optical output powers of 6.9mW, 4.9mW, 4.5mW, 4.4mW, and 
4.3mW were measured for the EDFL configuration with zero, one, two, three, and four meters 
of additional SMF, respectively. Lastly, an increase in the threshold power response of the 
EDFL output due to the increase in cavity length was observed. The EDFL threshold power 
increased from 110mA(45mW) with the butt-coupled circulator ports to 120mA(50mW) with 
the introduction of additional SMF. Therefore, the EDFL threshold power was dependent on 
the cavity length [101]. 
The fluctuations in the EDFL optical output power due to cavity length were studied over a 
period of 60 minutes at room temperature. The aim of this study was to evaluate the effects of 
cavity length on the optical output power fluctuations exhibited by the designed EDFL. These 
optical output power fluctuations contribute to the total RIN exhibited by the designed EDFL 
[55]. The experimental results of the normalized optical output power fluctuations related to 
the EDFL output power stability as a function of cavity length were illustrated in Figure 44(b). 
It was observed that the EDFL output power fluctuations were within the 80% and 90% 
normalized output power stability as illustrated in Figure 44(b). This observation indicated that 
the measured EDFL optical output power fluctuations were small. However, they were wider 
(more spread out) compared to the EDFL optical output power fluctuations measured as a 
function of erbium ion concentration and output coupling ratio. The measured optical output 
power fluctuations were more spread for longer cavity lengths, such as the EDFL 
configurations that had three and four meters of additional SMF in the cavity. The increase in 
the output power fluctuations with longer cavities may be due to additional longitudinal modes 
competing in the cavity for energy [29], [39]. This observation indicated that the output power 
stability of the designed EDFL was dependent on the cavity length. The EDFL output power 
stability had an inverse relationship with the EDFL cavity length. This observation further 
indicated that the EDFL output power stability can potentially be improved by designing 
shorter cavities. The 95% CI defined by equation (3.4) was considered in the analysis of the 
EDFL output power stability as a function of the cavity length. The mean range defined by the 
95% CI was unique for the EDFL output power fluctuations measured as a function of the five 
EDFL cavity lengths. The average EDFL output power stability with no additional lengths of 
SMF in the cavity was 0.14dB. The average output power stability reduced to 0.45dB with the 
EDFL configuration that had an additional four meters of SMF. The higher optical output 
power fluctuations defined by the 0.45dB output power stability illustrated the importance of 
designing shorter EDFL cavities to ensure optimal output power stability. This can be achieved 
by closely splicing the fibre components used to realize the EDFL design, and ensuring that no 
unnecessary lengths of fibre exists between spliced components. 
The EDFL optimization as a function of the cavity length was based on considering the 
conclusions drawn from studying the effects of the cavity length on the EDFL maximum 
optical output power and output power stability. The cavity length that yielded optimal 
maximum optical output power and output power stability was selected as the optimal cavity 
length for the designed EDFL. It was concluded the EDFL configuration with no additional 
length of SMF between the circulator ports was optimal for the designed EDFL. This was 
because the introduction of additional SMF in the EDFL cavity reduced both the maximum 
optical output power and output power stability exhibited by the designed EDFL. 
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5.8. WAVELENGTH STABILITY CHARACTERIZATION EXPERIMENTAL WORK 
AND RESULTS 
5.8.1. Experimental background – wavelength stability characterization 
The temperature dependence of the FBG mode selective filter to achieve a single-frequency 
operation of the designed EDFL was described in section 3.2. According to literature, the effect 
of environmental temperature on the FBG reflection band shift is hard to control without the 
employment of some athermal packaging with low sensitivity to thermal expansion around the 
FBG filter [49], [50], [51], [52]. In the designed EDFL, measures to limit the temperature 
sensitivity of the FBG mode selective filter were not explored. The temperature effects on the 
wavelength stability of grating-based EDFLs that do not employ athermal packaging has been 
weakly addressed in the literature. This observation motivated the investigation of the 
temperature effects on the designed EDFL emission wavelength due to the temperature 
dependence of the FBG mode selective filter. This study was important because wavelength 
variations in optical sources designed for applications such as WDM fibre-optic 
communication systems can result in undesired crosstalk and interference [102]. 
5.8.2. Aim – wavelength stability characterization 
The aim of this experimental study was to evaluate the emission wavelength stability of the 
designed and optimized EDFL as a function of environmental temperature due to the 
temperature dependence of the FBG mode selective filter used in the designed EDFL cavity. 
This study was not part of the research objectives for this project, it was additional experimental 
work done was out of interest based on literature read during the study, thus the aim was tp 
determine whether variations in the emission wavelength occurred and their impact in the laser 
output quality. Furthermore, the study was conducted under time constraint prior visiting the 
Centre for Broadband therefore OSA spectra of the emission wavelengths were not captured 
during the experimental period. 
5.8.3. Experimental set-up – wavelength stability characterization 
The experimental set-up to study the wavelength stability of the designed EDFL emission 
wavelength is illustrated in Figure 45. 
 
Figure 45: EDFL wavelength stability experimental set-up 
The wavelength stability experimental set-up adopted the erbium ion concentration, coupling 
ratio, and cavity length optimized EDFL configuration illustrated in Figure 45. The optimal 
72 
 
maximum optical output power and output power stability were achieved with a 2200ppm 
erbium ion concentration EDF as the gain medium, a 90/10 output coupler with a 90% output 
ratio and 10% feedback ratio, and a butt-coupled fibre loop mirror with no additional length of 
SMF between the circulator ports. The experimental study was conducted under two different 
environmental temperature conditions, namely, 23oC and 19oC. The temperatures of the two 
laboratories were monitored with a Unitronics V350 PLC and a PT100 temperature sensor 
throughout the wavelength stability experimental study. 
For this experimental study, the optimized EDFL operated with a constant 150mW (250mA) 
pump power for both temperature conditions. The study duration was 60 minutes for both 
temperature conditions. The central emission wavelength of the EDFL narrowband emission 
spectrum was used to study the temperature effects on the EDFL wavelength stability. The 
peak central emission wavelength of the EDFL output was measured using an OSA [80]. The 
OSA peak search evaluated the optical output power and wavelength fluctuations of the EDFL 
peak central emission wavelength exclusively. Furthermore, OSA parameters such as the 
resolution, span, sampling, and sensitivity that may influence the results were kept constant 
under both temperature conditions. In this study, the main interest was the wavelength stability 
of the designed EDFL as a function of the environmental temperature. 
5.8.4. Experimental results – wavelength stability characterization 
The experimental results of the wavelength stability of the EDFL central emission wavelength 
as a function of temperature are illustrated in Figure 46. 
 
Figure 46: EDFL central emission wavelength stability subject to the environmental temperature as observed from the OSA 
5.8.5. Discussion – wavelength stability characterization 
Figure 46 illustrated the optical output power and wavelength fluctuations of the EDFL peak 
central emission wavelength in the two temperature conditions.  Under the 23oC laboratory 
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temperature conditions, the central emission wavelength was measured as 1540.12nm, 
however, under the 19oC laboratory temperature conditions, the central emission wavelength 
experienced a downshift to 1540.08nm. This observation indicated that the central emission 
wavelength of the designed EDFL output spectrum was temperature-dependent due to the 
temperature sensitivity of the FBG mode selective filter. A 10pm/oC temperature sensitivity 
was calculated for the EDFL peak central emission wavelength. Based on the FBG temperature 
characterization results presented in Figure 38, it was found that the EDFL central emission 
wavelength shift was due to the 10pm/oC average temperature sensitivity characterized for the 
FBG used as the mode selective filter for the designed EDFL cavity. The optical output power 
of the two emission wavelengths was studied over a period of 60 minutes as illustrated in Figure 
46. The EDFL central emission wavelength remained stable over the observation period in the 
individual temperature conditions. A reduction in the maximum optical output power of the 
1540.08nm EDFL central peak emission wavelength was observed in the lower 19oC 
temperature conditions. The maximum optical output power of 5dBm and 7.4dBm was 
measured for the 1540.08nm and 1540.12nm central peak emission wavelengths in the two 
temperature conditions. This observation indicated that the emission wavelength fluctuations 
due to temperature can affect the optical output power of the designed EDFL. 
5.9. EDFL OPTIMIZATION DISCUSSION 
The EDFL optimization studies presented in this chapter were related to studying the effects 
of various cavity parameters on the maximum optical output power and output power stability 
of the designed EDFL. Thereafter, these effects were used to optimize the EDFL cavity by 
selecting cavity parameters that yielded optimal maximum optical output power and output 
power stability [22], [30], [62]. Studying the effects of the various cavity parameters helped to 
meet the second research objective. The second research objective was to study the effects of 
various cavity parameters on the optical output power characteristics of the designed EDFL. 
The optimization of the EDFL cavity for optimal maximum optical output power and output 
power stability helped meet the third research objective. The third research objective was to 
optimize the designed EDFL for optimal optical output power characteristics. The EDFL 
optimization studies presented in this chapter were conducted in open air at room temperature. 
An Agilent 8163A lightwave power meter was used to measure the EDFL optical output power 
for the optimization studies [63]. 
5.9.1. Erbium ion concentration optimization 
The dependency of the EDFL maximum optical output power and output power stability on 
the gain medium erbium-ion concentration was the first parameter studied. Three meters of 
low, moderate, and heavily doped EDFs were used to carry out the study. The three-meter EDF 
length was selected based on a study that reported the linear relationship between EDF length 
and the EDFL maximum optical output power [22], [30]. The EDF was the main source of 
optical amplification in the designed EDFL cavity. Therefore, the maximum optical output 
power was dependent on the gain profile of this element. High erbium ion concentrations have 
been theoretically proven to exhibit some up-conversion processes which may result in the 
EDFL experiencing increased optical output power fluctuations that reduce that EDFL output 
power stability [21], [93]. It was found that a lineal relationship existed between the maximum 
optical output power and the erbium ion concentration for the designed EDFL. This was based 
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on the higher EDFL optical output power measured when higher erbium ion concentration 
EDFs were employed as the gain medium of the designed EDFL. The lineal relationship was 
related to more ions in taking part in the absorption and emission processes in the higher erbium 
ion concentration EDFs [18]. 
The EDFL output power stability had an inverse relationship with the erbium ion concentration. 
This was based on the EDFL experiencing increased optical output power fluctuations when 
higher erbium ion concentration EDFs were employed as the gain medium. The increased 
optical output power fluctuations with higher erbium ion concentration fibres were related to 
the up-conversion processes that exist in higher concentration EDFs [21], [93]. Lastly, the 
threshold power of the EDFL was independent of gain medium erbium ion concentration. This 
was based on the similar measured threshold power for the three EDFL configurations adopting 
the low, moderate, and heavily doped EDFs. The moderately doped (2200ppm) EDF fibre was 
chosen as the optimal erbium ion concentration EDF for the designed EDFL. This selection 
was because it yielded a higher optical output power than the low concentration EDF, and it 
yielded a higher output power stability than the heavily doped EDF. 
5.9.2. Output coupling ratio optimization 
The dependency of the EDFL maximum optical output power and output power stability on 
the output coupling of the designed EDFL cavity was the second parameter studied. The output 
coupling was related to the ratio of energy extracted from the cavity to the energy fed back into 
the cavity. The ratio of the energy extracted from the cavity (output ratio) was to obtain an 
optical output, and the energy ratio fed back into the cavity (feedback ratio) was to sustain 
optical amplification through stimulated emission. The output coupling ratio was an important 
parameter of characterization to ensure that an optimal EDFL optical output power was 
obtained while sustaining stimulated emission in the cavity for a CW output. Literature has 
reported the dependence of the EDFL optimal coupling ratio on the gain medium [22], thus the 
effects of the coupling ratio were studied for the EDFL configuration optimized for the erbium 
ion concentration. The study was conducted with two optical couplers, 90/10 and 80/20, which 
provided four possible output and feedback ratios. The EDFL maximum optical output power 
had a lineal relationship with the output ratio of the coupling coupler. This was based on the 
higher optical output power measured for higher output ratios. The lineal relationship was 
related to more energy coupled out of the cavity with the higher output ratios. This relationship 
led to the conclusion that stimulated emission and continuous lasing can be sustained in the 
cavity with low feedback ratios in the designed EDFL. Furthermore, the sustained stimulated 
emission and CW lasing were also credited to the CW pumping of the designed EDFL. 
The EDFL output power stability had a lineal relationship with the output ratio of the output 
coupler. This was based on the lower optical output power fluctuations measured for the 
designed EDFL with higher output ratios. The higher EDFL output power stability with higher 
output ratios was credited to the sustained stimulated emission and continuous lasing of the 
EDFL, due to efficient feedback energy and continuous pumping of the gain medium. Lastly, 
the EDFL threshold power was dependent on the output ratio of the output coupler. This was 
based on the lower EDFL threshold power measured with higher output ratio contrary to the 
higher EDFL threshold power measured with lower output ratios of the output coupler. The 
low EDFL threshold power measured with high output ratios was related to the high energy 
extracted from the cavity compared to lower energy extracted with the low output ratios. The 
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90/10 output coupler with 90% as the output ratio and 10% as the feedback ratio was selected 
as the optimal coupling ratio configuration for the designed EDFL. This selection was due to 
the high EDFL optical output power and output power stability yielded by the 90% output ratio. 
5.9.3. Cavity length optimization 
The dependency of the EDFL maximum optical output power and output power stability on 
the EDFL cavity length was the last parameter studied. The cavity length was an important 
parameter of evaluation because it was the first longitudinal mode filter of the designed EDFL 
[29]. If the longitudinal modes introduced by a longer cavity length are within the reflection 
band of the mode selective FBG filter, then more longitudinal modes would share in the cavity 
energy and consequently affect the EDFL maximum optical output power and output power 
stability. Some studies only report the overall maximum optical output power and output power 
stability of a designed EDFL [16], [39]. Several other studies report the effect of output 
coupling ratio, erbium ion concentration, and active fibre length on the maximum optical output 
power and output power stability of a designed EDFL [18], [21], [22], [30], [93]. A few studies 
report the effect of the cavity length on optical output quality of fibre lasers [100], [101]. This 
literature reports the improvement in the quality of the optical output power with shorter cavity 
lengths. 
The cavity length study was conducted by splicing strands of SMF between ports one and three 
of the circulator used in the fibre loop mirror of the designed EDFL cavity. The SMF was 
introduced in one-meter increments to increase the length of the designed EDFL cavity. The 
EDFL optical output power and output power stability had an inverse relationship with the 
cavity length. This was based on the rapid decrease in the EDFL maximum optical output 
power and output power stability when the cavity length was rapidly increased. The inverse 
relationship was attributed to the possible introduction more longitudinal modes in the cavity, 
which increased mode competition in the EDFL cavity [39]. 
It was found that it is important to design short cavity length EDFLs for optimal maximum 
optical output power and output power stability. This can be achieved by closely splicing the 
fibre components used to realize the EDFL design, and ensuring that no lengths of unnecessary 
SMF are used in the cavity. This was technique was implemented in the construction of the 
designed EDFL cavity. Lastly, the EDFL threshold power was dependent on the cavity length. 
This was based on the measured increase in the EDFL threshold power due to the increase in 
cavity length. The increase in the EDFL threshold power with longer cavity lengths was also 
attributed to the increased mode competition between the longitudinal modes resonating within 
the EDFL cavity. It was concluded that the butt-coupled circulator ports without additional 
lengths of SMF spliced in between were optimal for the designed EDFL, to achieve optimal 
maximum optical output power and output power stability. 
5.10. CONCLUSION 
In this chapter, the second and third research objectives were met. The second research 
objective was to study the effects of various cavity parameters on the output power 
characteristics of the designed EDFL. The third research objective was to optimize the designed 
EDFL for optimal maximum output power and output power stability. Before the construction, 
characterization, and optimization of the EDFL, the individual components employed to realize 
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the proposed EDFL design were characterized. The component characterization experimental 
work and results were first presented in this chapter. The components characterized in this 
experimental study were the pump source, EDF, and FBG. After characterizing various 
parameters and confirming the functionality of the individual components, the proposed low 
complexity single frequency EDFL was constructed. The optical output power of the designed 
EDFL was thereafter, characterized and optimized. The optimization technique employed in 
this project was related to the optimization of key parameters of the EDFL cavity, without 
changing the basic scheme of the designed EDFL configuration. The EDFL was characterized 
and optimized for optimal maximum optical output power and output power stability, to meet 
the second and third research objectives. Lastly, the experimental work and results on the 
wavelength stability of the designed EDFL were also presented and discussed in this chapter. 
This conclusion section was made up of a summary of the component characterization, the 
EDFL optical output power characterization and optimization, and the wavelength stability 
experimental work and results presented in this chapter. 
5.10.1. Component characterization 
Pump source 
A CW pump source was used to realize the CW EDFL designed in this project. The pump 
source was characterized in terms of operating wavelength and output power response. The 
experimental characterization of the pump operating wavelength was to ensure that it was 
within the absorption spectra of EDF [35]. The output power response experimental 
characterization aimed to evaluate the pump current to pump power transfer function, threshold 
current, and the electrical to optical conversion efficiency of the pump source. The 
characterized operating wavelength of the pump source was 976nm, which was within the 
absorption spectra of EDF [35]. The pump current and pump power exhibited a lineal 
relationship, and a 64mA threshold current was measured. A 375mW maximum pump power 
at 500mA pump current was measured. A 75% electrical to optical conversion efficiency was 
calculated for the pump source. 
EDF gain medium 
The next component characterized was the main source of optical amplification in a designed 
EDFL cavity known as the gain medium or active medium. The fibre laser studied in this 
research project was specifically designed to operate within the C-band fibre-optic 
communication frequency band as highlighted by the first research objective. Therefore, EDF 
was employed as the gain medium, because of its characteristic emission spectra covering the 
C-band. The gain profile of the EDF also known as ASE was an important feature of the active 
fibre to characterize because it determined the bandwidth over which the EDFL can be realized. 
The gain and bandwidth of the ASE were studied as functions of erbium ion concentration 
because the erbium ion concentration was the EDF parameter optimized in the EDFL design 
for optimal output power. The EDF characterization was conducted using three erbium ion 
concentration EDFs that were going to be used in the output power optimization study. These 
erbium ion concentration EDFs were 960ppm, 2200ppm, and 3100ppm. The characterization 
was conducted to help understand the effect of erbium ion concentration on the emission 
response of EDFs. This study would possibly help explain some effects of the erbium ion 
concentration on the EDFL maximum optical output power and output power stability in the 
planned EDFL output power optimization study. 
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The gain of the EDF emission response had an inverse relationship with the erbium ion 
concentration. This was based on the higher gain measured for the lower erbium ion 
concentration EDF contrary to the lower gain measured for the higher erbium ion concentration 
EDFs. The lower gain in heavily doped EDFs can be attributed to the up-conversion processes 
that occur in heavily doped fibres, where some IPs may absorb incident pump radiation and 
continuously pass the energy between one another without contributing to the emission 
processes in the EDF for a higher gain [21], [92], [93]. The EDF emission response for the 
three erbium ion concentration EDFs covered the C-band, with a slightly flattened gain 
between 1540nm and 1560nm. This emission response was the characteristic response 
expected for EDF [21], [92]. Furthermore, the EDF emission response experienced a spectrum 
narrowing effect with higher erbium ion concentration EDFs. The spectrum narrowing effect 
was attributed to an increase in the IP formation percentages in the heavily doped fibres [87]. 
FBG 
The FBG was the only resonator mirror experimentally characterized. The aim of the first FBG 
experimental characterization was to study its spectral response, specifically its reflection band. 
The emission frequency of the designed EDFL was dependent on the FBG reflection band to 
achieve single-frequency operation. Therefore, the FBG reflection band was of interest to 
determine if the EDFL emission frequency would be within the C-band fibre-optic 
communication frequency band, to meet the single-frequency design specification highlighted 
by the first research objective. Furthermore, the FBG spectral response characterization was 
important to determine if the FBG reflection band was within the emission spectrum of the 
characterized EDFs, to ensure mode selectivity would take place in the EDFL cavity. The FBG 
spectral response characterization results illustrated that the FBG reflection band had a 
1540.14nm 𝜆𝐵. These experimental results indicated that the designed EDFL adopting the 
characterized FBG as a mode selective filter would operate within the desired C-band fibre-
optic frequency band [82]. The characterized FBG was a sufficient mode selective filter to 
achieve single-frequency operation within the C band. The second FBG experimental 
characterization aimed to study the temperature dependence of the FBG 𝜆𝐵. The temperature 
dependence of the FBG 𝜆𝐵 was of interest, because the wavelength stability of the designed 
EDFL was dependent on the stability of the FBG 𝜆𝐵, which has been proven to exhibit 
temperature sensitivity [49], [50], [51], [52]. Based on the FBG 𝜆𝐵 temperature dependence 
experimental results, the FBG 𝜆𝐵 exhibited a lineal relationship with temperature. A mean 
10pm/oC temperature sensitivity was calculated for the FBG 𝜆𝐵. This conclusion indicated that 
fluctuations in the emission frequency of the designed EDFL due to temperature were possible. 
Therefore, the wavelength stability of the designed EDFL was investigated in this chapter. 
5.10.2. EDFL optical output power characterization and optimization 
The low complexity single frequency EDFL was constructed with the experimentally 
characterized components after the component characterization studies. The optical output 
power characteristics of the designed EDFL were experimentally characterized as functions of 
various cavity parameters to meet the second research objective. The experimental results 
obtained from the EDFL optical output power characterization study were used in the 
optimization of the designed EDFL for optimal optical output power characteristics to meet the 
third research objective. The EDFL output power characteristics of interest in this study were 
the maximum optical output power and output power stability related to RIN; important in 
fibre-optic communication systems application [55], [56]. The EDFL cavity component 
parameters characterized and optimized for optimal EDFL maximum output power and output 
78 
 
power stability included the erbium ion concentration of the EDF gain medium, the coupling 
ratio of the output coupler, and the length of the designed EDFL cavity. The optimization 
technique was related to the selection of cavity components with parameters that yielded 
optimal EDFL maximum output power and output power stability [22], [30], [62]. 
Maximum optical output power 
The EDFL maximum optical output power was majorly dependent on the output coupling ratio 
of the output coupler and the erbium ion concentration of the EDF used as the gain medium. 
The optical coupler had two splitting ratios, the first was the output ratio related to energy 
extracted from the EDFL cavity to obtain and laser output; the second was the feedback ratio 
related to energy fed back into the cavity to sustain stimulated emission and continuous lasing 
of the designed EDFL. The maximum optical output power as a function of coupling ratio was 
obtained for high output and low feedback ratios. Therefore, an optimal maximum power can 
be achieved with high output ratios for the designed EDFL. The optimal maximum output 
power as a function of erbium ion concentration was obtained for high erbium ion 
concentration EDFs. Therefore, the optimal maximum output power can be achieved with high 
erbium ion concentration EDFs for the designed EDFL. 
The EDFL optimal maximum output power was also dependent on the cavity length because 
lower output powers were measured for longer cavity lengths. However, the difference in the 
EDFL maximum output power due to cavity length was not as profound as that due to the 
output coupling ratio and the erbium ion concentration. The maximum output power 
characterization and optimization experimental studies also evaluated the dependency of the 
EDFL threshold power on these three cavity parameters. The EDFL threshold power was 
dependent on the output coupling ratio and the cavity length and independent of the erbium ion 
concentration. Furthermore, a low threshold power can be achieved with high output ratios and 
shorter cavity lengths for the designed EDFL. 
Output power stability 
The EDFL output power stability was mainly dependent on the erbium ion concentration of the 
EDF gain medium and the cavity length of the designed EDFL. The optimal EDFL output 
power stability as a function of erbium ion concentration was obtained for lower erbium ion 
concentration EDFs. Therefore, an optimal EDFL output power stability can be achieved with 
lower erbium ion concentration EDFs for the designed EDFL. The optimal EDFL output power 
stability as a function of cavity length was obtained for shorter cavity lengths. Therefore, an 
optimal EDFL output power stability can be achieved with a shorter cavity length for the 
designed EDFL. The EDFL output power stability was also dependent on the coupling ratio 
because fluctuations in the EDFL output power were measured as a function of the coupling 
ratio. However, the EDFL optical output power fluctuations due to the coupling ratio were 
much less than those due to the erbium ion concentration and cavity length EDFL parameters. 
Optimal EDFL output power and output power stability 
An optimal 10dBm maximum optical output power and 0.14dB output power stability were 
achieved with this optimization technique for the designed EDFL. These optimal EDFL output 
power characteristics were achieved using the 90/10 coupler with a 90% output ratio and a 10% 
feedback ratio, a moderate erbium ion concentration EDF at 2200ppm, and for a short EDFL 
cavity length realized with the fundamental fibre optic components without additional 
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unnecessary lengths of SMF in the cavity. The designed EDFL optical output power was 
sufficient for the telecommunications applications experimental work planned for the designed 
EDFL [85]. The designed EDFL showed a good output power stability compared to other 
EDFLs designed for fibre-optic communication systems applications [31], [59]. Furthermore, 
the EDFL output power stability is also influenced by environmental perturbations [59]. 
However, the experimental work presented in this study was conducted in open-air with an 
unshielded EDFL, therefore the EDFL output power stability can be further improved by 
shielding the designed EDFL [59]. 
5.10.3. EDFL wavelength stability 
Lastly, the wavelength stability of the designed and optical output power-optimized EDFL was 
investigated. The wavelength stability experimental study was motivated by the temperature 
dependence of the FBG. The FBG was employed as a mode selective filter in the cavity to 
achieve single-frequency operation of the designed EDFL. The study was conducted by 
evaluating the EDFL central peak emission wavelength in two laboratory temperature 
conditions (23oC and 19oC). The evaluation period of the experimental study was 60 minutes 
for both temperature conditions. The EDFL emission wavelength was dependent on the 
environmental temperature. This was based on the wavelength shift exhibited by the designed 
EDFL in the two laboratory temperature conditions. The EDFL central peak emission 
wavelength downshifted from 1540.12nm in the 23oC laboratory temperature conditions to 
1540.08nm in the 19oC laboratory temperature conditions. The EDFL emission wavelength 
variation was due to the change in environmental temperature because the EDFL central peak 
emission wavelength exhibited a similar temperature sensitivity as that of the characterized 
FBG 𝜆𝐵. The designed EDFL exhibited a 10pm/
oC temperature sensitivity and the FBG 𝜆𝐵 
exhibited a mean temperature sensitivity of 10pm/oC. Therefore, the designed EDFL may 
exhibit wavelength instability in laboratories with varying temperature conditions. This 
conclusion indicated that the application of the designed EDFL in WDM fibre-optic systems 
may result in undesirable crosstalk and interference [102]. However, the temperature 
dependence of the designed EDFL emission wavelength was not a limiting factor in achieving 
the fourth research objective related to the integration of the EDFL with a practical fibre-optic 
communication system, because the EDFL was not going to be integrated with a WDM fibre 
optic communication system. 
 
The second and third research objectives were met in this chapter. The second research 
objective was to study the effects of various cavity parameters on the optical output power 
characteristics of the designed EDFL. The third research objective of the study was to optimize 
the designed EDFL for optimal optical output power characteristics. After optimizing the 
designed EDFL for optimal maximum optical output power and output power stability in this 
chapter, the EDFL was ready for integration with a practical fibre-optic communication system 




CHAPTER 6: TELECOMMUNICATION APPLICATIONS 
EXPERIMENTAL WORK AND RESULTS 
6.1. INTRODUCTION 
In this chapter, the experimental work and results of the EDFL telecommunication applications 
studies are presented to meet the fourth research objective. The fourth research objective was 
to integrate the designed and optimized EDFL with a practical fibre-optic communication 
system and study the integration efficiency and transmission quality of the communication link 
when the EDFL was employed as the optical carrier wave. The telecommunication applications 
experimental work was divided into the EDFL compatibility study, the EDFL integration study, 
and the transmission quality analysis study. The compatibility study was related to the 
characterization and optimization of the EDFL output characteristics that were not studied 
during the design stage of the project but were important for the successful integration of the 
EDFL with the fibre-optic communication system. These characteristics included the EDFL 
state of polarization, the degree of polarization, and the linewidth. The EDFL integration study 
was related to evaluating the possibility and efficiency of integrating the designed EDFL with 
a practical fibre-optic communication system. The transmission quality analysis study was 
related to evaluating the transmission quality of the fibre-optic communication system when 
the designed EDFL was employed as the optical carrier wave. The experimental work 
presented in this chapter was conducted at the Broadband Centre for Telecommunications at 
the Nelson Mandela University. 
6.2. POLARIZATION CHARACTERIZATION EXPERIMENTAL WORK AND RESULTS 
6.2.1. Experimental background – EDFL polarization characterization 
The first EDFL output characteristic studied to ensure compatibility of the designed EDFL with 
the fibre-optic communication system equipment, was its state of polarization and degree of 
polarization. The literature on the fundamentals of a laser output SOP and DOP has been 
discussed in section 3.3. That section also described the importance of achieving a single, stable 
SOP and a high DOP for optical sources designed for telecommunication applications. It was 
essential to characterize the EDFL polarization before the integration experimental work, due 
to PMD and the polarization sensitivity of the fibre-optic communication system equipment 
such as the intensity modulator used to realize a communication link [66], [103], [70]. The 
Poincarẻ sphere arc method described in section 3.3 was used to characterize the SOP and DOP 
of the EDFL output [66]. 
6.2.2. Aim – EDFL polarization characterization 
The aim of this experimental study was to ensure compatibility of the designed EDFL with the 
polarization sensitive fibre-optic communication system equipment for successful integration. 
The Poincarẻ sphere arc method was used to characterize the EDFL polarization. 
81 
 
6.2.3. Experimental set-up – EDFL polarization characterization 
The experimental set-up for the EDFL polarization characterization is illustrated in Figure 47. 
 
Figure 47: Fibre laser polarization navigation set-up 
The polarization characterization set-up illustrated in Figure 47 was a simple direct connection 
of the EDFL output to the polarization navigator, without the use of additional components that 
would attenuate the EDFL output power. The polarization navigator was an Adaptif A1000 
polarization analyzer with A1000 GPIBO:20: INSTR polarization navigator software to study 
the EDFL SOP and DOP [71]. The polarization navigator had a 7.5dBm maximum optical 
power tolerance [71]. Therefore, the output of the EDFL was reduced to 6dBm by varying the 
pump power to protect the polarization navigator. 
6.2.4. Experimental results – EDFL polarization characterization 
The SOP and DOP experimental results of the EDFL characterization are illustrated in Figure 
48. The SOP of the EDFL output is represented by the Poincarẻ sphere illustrated in Figure 
48(a) while the DOP is illustrated in Figure 48(b).  
 
Figure 48: Fibre laser polarization characterization results. (a)  SOP on the Poincarẻ sphere, (b) DOP stability 
6.2.5. Discussion – EDFL polarization characterization 
The EDFL optical output exhibited an arbitrary SOP as illustrated in Figure 48(a). These 
experimental results from the polarization navigator indicated that the designed EDFL 
produced an unpolarized optical wave with arbitrary SOP [66]. Furthermore, it was observed 
that the EDFL optical output was linearly polarized for a majority of the observation time 
because most of the EDFL SOPs fluctuations were close to the equator in the Poincarẻ sphere 
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as illustrated in Figure 48(a). The EDFL had a significantly low and unstable DOP as illustrated 
in Figure 48(b). The DOP of the designed EDFL exhibited high fluctuations over the 
observation period and the DOP fluctuations were averaged to quantify a low 0.17 DOP for the 
designed EDFL. An acceptable DOP for an optical carrier is close to unity due to the sensitivity 
of the DOP to PMD [104] .The arbitrary SOP and low DOP experimental characteristics of the 
designed EDFL indicated that it was not a sufficient optical carrier wave for the polarization 
sensitive fibre-optic communication system equipment. Therefore, the designed EDFL 
required polarization optimization before integrating it with the fibre-optic communication 
system as an optical carrier wave. 
6.3. POLARIZATION OPTIMIZATION EXPERIMENTAL WORK AND RESULTS 
6.3.1. Experimental background – EDFL polarization optimization 
The use of external polarization optimization techniques was chosen to optimize the SOP and 
DOP of the designed EDFL. The external polarization optimisation approach was first chosen 
because intracavity polarization optimization techniques need to be considered during the 
design stage of the project. Secondly, various intracavity optimization techniques required 
additional components in the laser cavity, therefore to maintain the simplicity of the design 
external polarization optimization techniques were considered [105], [106], [107]. Intracavity 
stable polarization optimization techniques include the use of components such as intracavity 
Fabry-Pẻrot etalon, the use of polarization-maintaining (PM) components in the cavity, 
faraday-rotator mirrors (FRMs), and intracavity polarization controllers (PCs) to stabilize the 
polarization-mode competition in the laser cavity [105], [106], [107]. These techniques are 
only applicable for consideration during the design stage of the project. However, in this 
project, the importance of the optical source polarization was only realized during the 
application stage, prior integration of the designed EDFL with the fibre-optic communication 
system. 
6.3.2. Aim – EDFL polarization optimization 
The aim of this experimental study was to explore various external polarization optimisation 
approaches to ensure that the designed EDFL exhibited a single and stable SOP with a high 
and stable DOP. Achieving these polarization requirements would ensure that the integration 
of the designed EDFL with the fibre-optic communication system was not limited by its poor 
polarization characteristic. 
6.3.3. Experimental set-up – isolator approach 
The first EDFL external polarization optimization approach employed, was to connect an 
isolator at the EDFL output to attenuate back reflections from the polarization analyser 




Figure 49: Isolator approach to polarization optimization 
A small air gap always exists between two SMFs joined by a fibre-optic connector [108], just 
like the direct connection of the EDFL output to the polarization navigator in Figure 47. The 
air gap results in the reflection of light back to the optical source [108]. These back reflections 
may introduce various SOPs in the EDFL cavity resulting in the arbitrary SOPs measured in 
Figure 48(a). The use of an optical isolator can help to reduce the reflections from the 
polarization navigator interface to the EDFL, and thus reduces the number of the SOPs 
exhibited by the EDFL. 
6.3.4. Experimental results – isolator approach 
The experimental results of the first EDFL external polarization optimization approach are 
illustrated in Figure 50. The resultant SOP of the EDFL with the elimination of reflections from 
the polarization navigator interface is illustrated in Figure 50(a), and its associated DOP is 
illustrated in Figure 50(b). 
 
Figure 50: Isolator polarization optimization results. (a) SOP on the Poincarẻ sphere, (b) DOP stability 
6.3.5. Discussion – isolator approach 
From Figure 50(a), it was observed that the isolator approach eliminated some polarization 
modes from the EDFL output that increased SOPs observed on the Poincarẻ sphere. The 
eliminated polarization modes removed the SOPs that were observed closer to the surface of 
the Poincarẻ sphere in Figure 48(a), but the EDFL still exhibited arbitrary SOP. The DOP of 
the EDFL output was still low and exhibited high fluctuations, however, a small increase in the 
mean DOP from 0.17 to 0.22 was calculated. Furthermore, improved DOP fluctuations were 
observed with this approach when compared to the DOP fluctuations initially characterized for 
the EDFL. The EDFL polarization characteristics with the isolator approach were still poor, 
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therefore the back reflections had a small effect on the EDFL SOP and DOP and that this 
approach was not sufficient to achieve the desired polarization characteristics. 
6.3.6. Experimental set-up – polarization controller & linear polarizer approach 
The next external polarization optimization approach used was the introduction of a 
polarization controller (PC) and a linear polarizer (LP) at the output of the EDFL as illustrated 
in Figure 51. 
 
Figure 51: Polarization controller and linear polarizer  approach to polarization optimization 
The LP is a filter that was used to only permit the transmission of linearly polarized EM waves 
from the EDFL to the polarization navigator while blocking EM waves with other arbitrary 
SOPs from the EDFL output. The LP was specifically chosen due to the observation made in 
the polarization characterization study, wherein most of the EDFL output was linearly 
polarized as indicated by the arbitrary SOPs around the equator of the Poincarẻ sphere in Figure 
48(a). The PC was used to align the linearly polarized intensity of the EDFL output to the LP 
by rotating the PC plates. 
6.3.7. Experimental results - polarization controller & linear polarizer approach 
The experimental results for the second EDFL external polarization optimization approach are 
illustrated in Figure 52. The SOP results are illustrated by the Poincarẻ sphere in Figure 52(a) 
and the associated DOP is illustrated in Figure 52(b). 
 
Figure 52: Polarization controller and linear polarizer approach to polarization optimization results. (a)  SOP on the Poincarẻ 
sphere, (b) DOP stability 
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6.3.8. Discussion - polarization controller & linear polarizer approach 
By using this approach, a significant improvement in both the SOP and DOP was achieved. 
From the Poincarẻ sphere in Figure 52(a), a significant improvement in the EDFL arbitrary 
SOP was achieved with this polarization optimization approach. However, the EDFL optical 
output still did not exhibit the desired single SOP by solely aligning the linearly polarized 
intensity of the EDFL to the LP via the PC. These experimental results indicated that further 
optimization of the EDFL SOP was required. Furthermore, fluctuations in the DOP of the 
EDFL were eliminated with this polarization optimization approach, because a stable DOP was 
observed as illustrated in Figure 52(b). A significant increase in the mean DOP from 0.17 in 
the characterization study to a stable 1.0 was also achieved with this external polarization 
optimization approach. 
6.3.9. Experimental set-up - Two polarization controllers & Linear polarizer approach 
The second EDFL external polarization optimization approach significantly reduced the 
arbitrary SOPs exhibited by the EDFL, however, a single SOP was not yet achieved. Therefore, 
another approach was proposed to further improve the EDFL SOP. The third EDFL external 
polarization optimization approach is illustrated in Figure 53. 
 
Figure 53: Two polarization controllers and linear polarizer approach to  polarization optimization 
The third EDFL polarization optimization approach used the second optimization approach 
configuration with an additional PC as illustrated in Figure 53. The additional PC was 
employed at the output of the pump source. This PC was used to control the polarization of the 
pump source. The output of the EDFL was fed to a second PC and a LP as illustrated in Figure 
53. 
6.3.10. Experimental results - Two polarization controllers & Linear polarizer approach 
The experimental results for the third EDFL external polarization optimization are illustrated 
in Figure 54. The SOP results are illustrated by the Poincarẻ sphere in Figure 54(a) and the 




Figure 54: Two polarization controllers and linear polarizer approach to polarization optimization results. (a)  SOP on the 
Poincarẻ sphere, (b) DOP stability 
6.3.11. Discussion - Two polarization controllers & Linear polarizer approach 
This external polarization optimization approach achieved the desired single SOP and high 
DOP characteristics for the designed EDFL. The single SOP of the EDFL was represented by 
the single point on the equator of the Poincarẻ sphere illustrated in Figure 54(a). The DOP of 
the EDFL was stable with this polarization optimization approach as illustrated in Figure 54(b). 
However, the mean DOP of the EDFL reduced to 0.99 with this polarization optimization 
approach compared to the 1.0 mean DOP calculated for the second polarization optimization 
approach illustrated in Figure 52(b). This approach was sufficient due to the improvement of 
the SOP and DOP. However, a reduction in the EDFL optical output power was the penalty of 
externally optimizing the EDFL polarization. The power penalty for the selected external 
polarization optimization approach was 9dB. Furthermore, an increase in the optical output 
power fluctuations related to the RIN of the EDFL was observed on the polarization navigator 
with the polarization optimized beam. The increase in the EDFL optical output power 
fluctuations with the external polarization optimization was because RIN is a function of 
polarization [109]. These experimental results indicated that the fibre-optic communication 
system may exhibit high levels of RIN when the EDFL was integrated as the optical carrier 
wave. 
6.4. LINEWIDTH CHARACTERIZATION EXPERIMENTAL WORK AND RESULTS 
6.4.1. Experimental background – EDFL linewidth characterization 
The EDFL linewidth was the second compatibility characteristic studied. The linewidth 
characteristic and linewidth measurement techniques of an optical source have been discussed 
in section 3.3 [42], [45]. The linewidth of the designed EDFL configuration was primarily 
dependent on the quality of the single FBG mode selective filter used in the cavity. The FBG 
employed in the cavity had a 0.285nm linewidth and 19dB sidelobe suppression ratio (SLSR) 
as specified by the manufacturer (Fibrecore). The wide 0.285nm linewidth characteristic of the 
FBG indicated that the OSA was sufficient to measure the linewidth of the designed EDFL, 
without employing coherent detection methods [45]. An electrical spectrum analyser (ESA), 
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was also used to evaluate the range of frequencies resonating within the designed EDFL output 
spectrum. Due to the distance limiting effects of the linewidth characteristic of optical sources 
[73], the EDFL linewidth characterization was important prior integration experiments to 
determine an optimal transmission distance of the communication link when the designed 
EDFL was integrated as the optical carrier wave. 
6.4.2. Aim – EDFL linewidth characterization 
The aim of the EDFL linewidth characterization was to determine an optimal transmission 
distance for the fibre-optic communication link to successfully integrate the designed EDFL as 
the optical carrier wave. This characterization was particularly important due to the distance 
limiting effects of the linewidth characteristic of optical sources [73]. Furthermore, the range 
of frequencies resonating within the EDFL narrow linewidth emission spectrum was evaluated 
in this study. 
6.4.3. Experimental set-up – optical domain 
The EDFL linewidth experimental characterization set-up is illustrated in Figure 55. 
 
Figure 55: EDFL linewidth characterization experimental set-up 
The OSA [80] was used to measure the linewidth of the designed EDFL optical output instead 
of high-resolution coherent detection techniques as illustrated in Figure 55. The use of the OSA 
was motivated by the wide 0.285nm linewidth characteristic of the FBG mode selective filter 
used in the cavity. The wide linewidth characteristic of the FBG indicated that the resolution 
provided by the OSA would be sufficient to measure the linewidth of the designed EDFL. The 
optical output of the output power-optimized EDFL was directly connected to an OSA to 
measure the linewidth as illustrated in Figure 55. 
6.4.4. Experimental results – optical domain 
The experimental results of the EDFL linewidth characterization using the OSA are illustrated 
in Figure 56 and Figure 57. The designed EDFL emission spectrum at a low OSA resolution is 
illustrated in Figure 56 and the EDFL emission spectrum at a high OSA resolution for linewidth 





Figure 56: Narrow EDFL emission spectrum at a low OSA resolution 
 
Figure 57: EDFL linewidth measurement at a high OSA resolution 
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The emission spectrum of the designed EDFL was measured using an OSA [80]. The emission 
spectrum of the designed EDFL was first measured at a low resolution as illustrated in Figure 
56 and then at a high resolution as illustrated in Figure 57. The OSA parameters for the low 
resolution spectrum illustrated in Figure 56 were 0.2nm resolution, sensitivity high one, 
5dB/division, auto sampling rate, an average sampling rate of one, and 80nm span. The OSA 
parameters were adjusted for the high resolution spectrum illustrated in Figure 57. The OSA 
was configured to operate at its highest possible resolution of 0.01nm, a maximum sensitivity 
of sensitivity high three, and 10dB/division power scale. The sampling rate was further 
increased from auto to 501 samples, and the average sampling rate from 1 to 5. Finally, the 
lowest possible span of 0.5nm was also used to get an optimal measurement of the EDFL 
emission spectrum finite linewidth as illustrated in Figure 57. The designed EDFL was 
operated with a 150mW(250mA) pump power for the linewidth measurement experimental 
study. 
6.4.5. Discussion – optical domain 
The EDFL emission spectrum was first measured at a low resolution in Figure 56 to illustrate 
the importance of a high-resolution for linewidth measurement. From the low-resolution 
spectrum, one would assume that a single discrete frequency was emitted by the EDFL. 
However, this was not the case as the high-resolution spectrum in Figure 57 illustrated that the 
EDFL emitted over a finite bandwidth known as the FWHM of the PSD [45]. Furthermore, the 
EDFL peak optical output power was higher for the low-resolution measurement than the high-
resolution measurement. This was due to the distribution of the optical output power amongst 
the longitudinal modes within the finite EDFL output spectrum for the high-resolution 
measurement. The high resolution spectrum illustrated in Figure 57 was used to measure the 
linewidth of the designed EDFL. From the high resolution spectrum illustrated in Figure 57, it 
was found that the EDFL emission spectrum was over a relatively wide linewidth compared to 
EDFLs reported in the literature [16], [42], [45]. A 0.11nm (2.725THz) linewidth was 
measured for the designed EDFL. The EDFL linewidth was measured at the 3dB width of the 
EDFL emission spectrum, by subtracting a 3dB power from the EDFL peak power illustrated 
in Figure 57. 
 
The linewidth measured for the designed EDFL was not as narrow as desired for 
telecommunication applications. The wide linewidth was due to the use of a single poor quality 
(wide linewidth and low SLSR) FBG as mode selective filter in the cavity to achieve single-
frequency operation of the designed EDFL. For classic linear cavity EDFL configurations 
adopting two narrow linewidth FBGs, a narrower linewidth is achieved by the spectral overlap 
of the two FBG spectra [16], [21]. In the designed EDFL configuration, the linewidth of the 
EDFL was dependent on the single FBG with a fairly large linewidth, and other linewidth 
broadening effects including quantum mechanical fluctuations, laser cavity length fluctuations, 
vibrational fluctuations, and temperature fluctuations [72]. 
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6.4.6. Experimental set-up – frequency domain 
The experimental set-up to study the range of frequencies resonating within the narrow 
linewidth of the EDFL is illustrated in Figure 58. 
 
Figure 58: EDFL emission frequency characterization experimental set-up 
The wide EDFL linewidth measured using the OSA motivated the evaluation of the range of 
frequencies resonating within its emission spectrum. This study was realized by connecting 
EDFL output to an ESA through a photodetector as illustrated in Figure 58. 
6.4.7. Experimental results – frequency domain 
The experimental results of the emission frequencies resonating within the characterized EDFL 
linewidth are illustrated in Figure 59. 
 




6.4.8. Discussion – frequency domain 
The experimental results in Figure 59, illustrated that the range of frequencies resonating within 
the characterized 0.11nm EDFL linewidth was over a large 15GHz bandwidth. The observed 
wide frequency range and the characterized linewidth indicated that long-haul fibre-optic 
communication links were not feasible to evaluate the performance of designed EDFL due to 
the attenuation mechanisms in optical fibre such as PMD and CD [75], [74], [12]. Based on the 
EDFL linewidth characterization results, a back-to-back (B2B) fibre-optic communication link 
configuration was ideal to evaluate the performance of the designed EDFL. The B2B 
configuration was chosen for its short transmission distance characteristic to limit the fibre 
attenuation effects in long-distance transmissions [85]. 
6.5. EDFL INTEGRATION EXPERIMENTAL WORK AND RESULTS 
6.5.1. Experimental background – EDFL integration 
The first aim of the fourth research objective was to evaluate the possibility and efficiency of 
integrating the designed EDFL with a practical fibre-optic communication system. The 
experimental plan to achieve this aim was based on ensuring that efficient IM of the designed 
EDFL was taking place [6]. The efficient receipt of a transmitted optical bitstream pattern at 
the receiver was used to help determine if modulation of the designed EDFL was taking place. 
The integration efficiency was studied through analysing the quality of the intensity levels 
representing logic 0 and 1 data of the received signal. 
6.5.2. Aim – EDFL integration 
The aim of the integration efficiency study was to ensure that efficient modulation of the EDFL 
was taking place. This study was important to ensure that the EDFL was successfully integrated 
with the fibre-optic communication system before transmission quality analysis studies were 
performed. 
6.5.3. Experimental set-up – EDFL integration 
The B2B fibre-optic communication link configuration used to study the efficiency of the 
EDFL as an optical carrier wave is illustrated in Figure 60. 
 




In the experimental set-up illustrated in Figure 60, the polarization optimized CW EDFL was 
externally modulated by a 10Gbps PRBS7 pattern generator at the intensity modulator (IM), to 
integrate the designed EDFL with the communication link. The PRBS7 is a pattern generator 
that produces a series of 27 (128) electrical bitstream packets that can be used to modulate the 
EDFL carrier wave. The modulation is done to obtain an optical bitstream that can be 
transmitted over an optical fibre. An MX-LN10 IM acted as a mixer and supported the 
modulation of the EDFL optical carrier wave by the incident electrical bitstream [110]. The 
intensity modulation occurs in a simple fashion where a logical 1 is represented by a constant 
high intensity EDFL CW output throughout the bit period. The logical 0 is represented by a bit 
period of no CW intensity from the EDFL. The output of the IM was an optical bitstream 
representing the modulating electrical data from the PRBS7 in the optical domain. The optical 
modulated signal from the IM was transmitted over a three-meter SMF patch cord to a receiver. 
In the B2B communication configuration, an Agilent technology infiniium DCA-X86100D 
wide-bandwidth oscilloscope was employed as the communication link receiver as illustrated 
in Figure 60 [86], [111]. 
6.5.4. Experimental results – EDFL integration 
The efficient receipt of a transmitted optical bitstream pattern by the receiver was used to help 
determine if modulation of the EDFL was indeed taking place. The integration efficiency was 
studied through analysing the quality of the intensity levels representing logic 0 and 1 data of 
the received signal. One of the 128-bit data packets received by the B2B communication link 
receiver after a short distance transmission is illustrated in Figure 61. 
 
Figure 61: One of the received 128-bit data as observed from the oscilloscope 
6.5.5. Discussion – EDFL integration 
Figure 61 illustrated the receipt of data from the B2B fibre-optic communication link 
transmitter. The receipt of the transmitted data indicated that the 10Gbps electrical data from 
the pattern generator was successfully converted to the optical domain using the designed 
EDFL as the optical carrier wave. This observation further indicated that the aim to evaluate 
the possibility of integrating the designed EDFL with the fibre-optic communication system 
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through modulating the EDFL was achieved. Therefore, it was possible to integrate the 
designed EDFL with the fibre-optic communication system. However, the received data packet 
observed on the oscilloscope exhibited high levels of intensity noise as illustrated in Figure 61. 
This observation indicated that the EDFL intensity levels representing the 0 and 1 logic data 
fluctuated throughout each bit period. The intensity fluctuations were related to the EDFL 
optical output power fluctuations. The EDFL optical output power fluctuations related to RIN 
increased due to the external polarization optimization conducted before integrating the 
designed EDFL with the fibre-optic communication system. This observation further indicated 
that the designed EDFL optical carrier was not efficient in yielding an optimal optical bitstream 
with discrete high and low intensity levels to efficiently represent the modulating signal from 
the PRBS7 pattern generator. Therefore, the designed EDFL was not an optimal optical carrier 
wave for fibre-optic communication systems. Furthermore, a poor transmission quality was 
anticipated for the fibre-optic communication system using the designed EDFL as an optical 
carrier wave due to the high intensity fluctuations observed in Figure 61. 
6.6. TRANSMISSION QUALITY ANALYSIS EXPERIMENTAL WORK AND RESULTS 
6.6.1. Experimental background – transmission quality analysis 
The second aim of the fourth research objective was to study the transmission quality of the 
fibre-optic communication link when the designed EDFL was employed as the optical carrier 
wave. The transmission quality of the fibre-optic communication link employing the designed 
EDFL as the optical carrier wave was studied using the transmission quality analysis techniques 
discussed in section 3.4. These transmission quality characterization techniques included the 
eye pattern and the BER [82], [84], [85]. The eye pattern analysis to quantify the extinction 
ratio of a transmission link was first used. Thereafter, the BER technique was used to quantify 
the number of error bits that occurred in the transmission. 
6.6.2. Aim – transmission quality analysis 
The aim of this experimental study was to analyse the transmission quality of the fibre-optic 
communication link when the designed EDFL was employed as the optical carrier wave. Two 
techniques were used to evaluate the transmission quality of the communication link. The two 
techniques were eye pattern and BER. 
6.6.3. Experimental set-up – transmission quality analysis 




Figure 62: B2B communication link experimental set-up for transmission quality analysis 
The experimental set-up to evaluate the transmission quality of the fibre-optic communication 
link was similar to that used to study the integration efficiency as illustrated in Figure 62. The 
output power of the pump source was 300mW and the power fluctuation level was not 
measured for the experimental work conducted at the Centre for Broadband Communication 
laboratories due to the limited time spent visiting the lab. The transmission quality of the fibre-
optic communication link was first evaluated using the eye pattern analysis through the 
oscilloscope receiver. The second transmission quality evaluation method was related to the 
demodulation of the received data with a LUCEO technologies X-BERT bit error rate (BER) 
tester to evaluate the BER of the transmission [112]. This BER tester had a built-in 10Gbps 
PRBS7 pattern generator that was used to generate the modulating electrical signal at the 
transmitter as illustrated in Figure 62. 
6.6.4. Experimental results and discussion – transmission quality analysis 
Eye pattern technique 
The first step to evaluate the transmission quality of the B2B transmission link was to generate 
an eye pattern from the received data signal. The eye pattern was important to help quantify 
the extinction ratio of the fibre-optic communication link employing the designed EDFL as the 
optical carrier wave. The extinction ratio is an important transmission quality characteristic 
used to quantify optical power noise levels in a communication link [84]. The oscilloscope 
receiver was used to generate the eye pattern using the received data from the B2B fibre-optic 
transmission link. The eye pattern generated by the oscilloscope from the received data was 
vertically fully closed such that the extinction ratio characterization was not feasible. The 
illustration of the closed eye pattern was not captured, because more time was spent on efforts 
to demodulate the transmitted signal during the limited visit at the Centre for Broadband 
Telecommunications. The vertically closed eye pattern indicated that the received data 
exhibited high levels of RIN such that the oscilloscope was not able to quantify the extremely 
low extinction ratio of the transmission link. The high levels of RIN were observed in the 
received signal illustrated in Figure 61. In systems employing the IM/DD modulation scheme, 
the main source of RIN has been reported to be the optical carrier wave, which was the EDFL 
in this project [85]. The RIN describing intensity fluctuation effects of an optical source is a 
function of the optical output power and polarization stability [86]. 
In this configuration, the designed EDFL optical carrier wave had been optimized for both 
optical output power and polarization stability. However, an increase in the EDFL optical 
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output power fluctuations was observed due to the external polarization optimization of the 
EDFL as discussed in the polarization optimization results section. The high RIN exhibited by 
the received data was due to the polarization optimization-influenced optical output power 
fluctuations of the designed EDFL. Furthermore, the communication link employing the 
designed EDFL as the optical carrier wave exhibited high optical power noise levels. The time 
spent at the Centre of Broadband Telecommunications was limited, therefore further output 
power stability optimization techniques were not explored. The eye pattern technique to 
quantify the extinction ratio of the B2B communication link proved unsuccessful due to the 
high intensity fluctuations experienced by the designed EDFL. 
BER technique 
The second transmission quality analysis technique was BER analysis. The use of the LUCEO 
technologies X-BERT BER tester to evaluate the BER of the transmission was planned for this 
experimental study [112]. However, due to the high RIN observed in the recovered signal 
illustrated in Figure 61, it was not feasible to evaluate the BER with the BER tester. A second 
approach to decode and analyse the received signal was proposed. The approach was motivated 
by the similarity between the high RIN received data from the B2B communication link and 
the electrical data from the PRBS7 pattern generator when observed on the oscilloscope as 
illustrated in Figure 63. Figure 63(a) illustrates the optical bitstream and Figure 63(b) illustrates 
the electrical bitstream. 
 
Figure 63: PRBS7 Modulation results (a) 128 bits optical bitstream (b) 128 bits electrical beat stream 
Figure 63 (a) and Figure 63(b) represent the received electrical signal from the transmission 
and the electrical modulating signal from the PRBS7 pattern generator. It was evident that the 
two signals were the same, regardless of the intensity fluctuations in the received data. 
Furthermore, it was observed that the high RIN received signal resembled an amplitude 
modulated (AM) signal from analogue communication [113]. Amplitude modulation employs 
envelope detection as a demodulation scheme [113]. Envelope detection principles were used 
to manually demodulate the received high RIN received signal, and help recover a noise-free 
data by eliminating the intensity fluctuations in the received signal. The manually demodulated 
data would then be compared with the PRBS7 patterns as a means to evaluate errors in the 
transmission. The application and results from the manual demodulation scheme adhering to 
envelope detection principles are illustrated in Figure 64. Figure 64(a) illustrates the 
implementation of the manual demodulation steps on the high RIN received signal, and Figure 




Figure 64: 128-bit Optical signal demodulation. (a)Implementation of the manual demodulation steps to recover the received 
high RIN signal (b) Recovered PRBS7 electrical bit sequence 
The graphical steps followed by the manual demodulation scheme adhering to envelope 
detection principles on the received signal were illustrated in Figure 64(a). The aim of the 
manual demodulation scheme was to eliminate the intensity fluctuations in the received data to 
recover the digital data presented in Figure 64(b). The first step of the demodulation scheme 
was to perform clock recovery on the received signal to efficiently sample the intensity 
fluctuations of each bit. The clock is a digital signal that determines the pulse duration of each 
transmitted bit [113]. The pulse duration of the 10Gbps data signal transmitted in the B2B 
communication link was 100ps. This pulse duration was used in the demodulation scheme to 
successfully sample and average the intensity fluctuations of each bit in the received 128-bit 
signal illustrated in Figure 64(a). 
Quantization was the next step to recovering the digital data. Quantization is an analog to digital 
conversion (ADC) process in which a discrete-time continuous amplitude signal is converted 
to a discrete-time and discrete value signal to generate a digital sequence. Quantization required 
an optimal intensity reference also known as the decision threshold as illustrated in Figure 
64(a). A decision threshold is a tool used in quantization to determine if the average sampled 
intensity over a bit period represents a logic 0 or 1 state to realize a digital signal [114] The 
following step of the manual demodulation scheme was to perform quantization on the sampled 
and averaged data to successfully recover the digital data illustrated in Figure 64(b). The error 
rate of the transmission was achieved through comparison of the recovered 128-bit illustrated 
in Figure 64(b), with the various data packets generated by the PRBS7 pattern generator. It was 
found that the recovered data signal matched one of the 128-bit data packets generated by the 
pattern generator, indicating that no errors occurred with the demodulated 128-bit packet. 
Figure 65 and Figure 66 are provided for a clear illustration of the demodulation results, 




Figure 65: Bit 0 to Bit 10: Optical signal demodulation. (a)Implementation of the manual demodulation steps to recover the 
received high RIN signal (b) Recovered PRBS7 electrical bit sequence 
Bit one to three represented a logic 0 as observed from the demodulated electrical bitstream 
data on Figure 65(b). Ideally, a logic 0 was supposed to be represented by no optical intensity 
from the EDFL optical carrier wave. However, from the received signal illustrated in Figure 
65(a) a small amount of optical intensity from the EDFL carrier wave with some fluctuations 
was observed The level of optical intensity representing logic 0 was below the red decision 
threshold line. This indicated that the small intensity represented logic 0 data and that the IM 
does not fully block the intensity from the carrier wave for logic 0 data. 
 
Figure 66: Bit 100 to Bit 110: Optical signal demodulation. (a)Implementation f the manual demodulation steps to recover 
the received high RIN signal. (b) Recovered PRBS7 electrical bit sequence 
In IM/DD a logic 1 bit is represented by a consistent high intensity throughout the bit period. 
From the blue data in Figure 66(a), bit 100 experienced intensity fluctuations which indicated 
that the EDFL carrier wave was not emitting a constant intensity throughout the bit period. 
This illustrated that the output of the EDFL optical carrier wave exhibited high levels of 
intensity noise. However, through the clock recovery technique, the intensity fluctuations 
measured in the bit period were averaged and represented with the orange data. From the clock 
recovery data, it was determined that bit 100 was a logic 1 bit because it was above the red 
decision threshold line.  
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6.7. EDFL TELECOMMUNICATION APPLICATIONS DISCUSSION 
The experimental work and results presented in this chapter were to help meet the fourth 
research objective. The fourth research objective was to integrate the designed and optimized 
EDFL with a practical fibre-optic communication system and study the integration efficiency 
and transmission quality of the communication link when the EDFL was employed as the 
optical carrier wave. The experimental studies presented in this chapter were divided into three 
sections including the EDFL compatibility, EDFL integration, and transmission quality 
analysis. The aim of the EDFL compatibility study was to evaluate the compatibility of the 
designed and optimized EDFL with the fibre-optic transmission equipment in terms of 
polarization and linewidth before integrating it with the fibre-optic communication system. The 
aim of the EDFL integration study was to evaluate the possibility and efficiency of integrating 
the designed EDFL with the fibre-optic communication system. The aim of the transmission 
quality study was to evaluate the transmission quality of the fibre-optic communication system 
when the designed EDFL was employed as the optical carrier wave. 
6.7.1. EDFL compatibility 
The first step to ensure successful integration was to ensure that the designed EDFL was 
compatible with the fibre-optic communication system equipment. This was achieved through 
the characterization and optimization of important optical source characteristics that were not 
evaluated during the design stage of the project. The experimental characterization and 
optimization conducted during the design stage of the project were limited to the maximum 
optical output power and output power stability of the EDFL related to RIN, important for 
optical sources designed for telecommunication applications [56], [58]. The additional 
important characteristics for optical sources designed for telecommunication applications were 
the state of polarization and the linewidth [66], [73]. 
EDFL polarization 
The polarization characteristic of optical sources designed for fibre-optic communication 
systems was important due to PMD and the polarization sensitivity of the transmission 
equipment such as the intensity modulator used in these systems [66], [103], [70]. When 
characterizing the polarization of the EDFL, it was found that the EDFL optical output was 
highly unpolarised. The designed EDFL exhibited arbitrary unstable states of polarization, and 
a majority of the EDFL output intensity was linearly polarized. Furthermore, it was found that 
the DOP of the unpolarized EDFL optical output was highly unstable and a significantly low 
mean DOP of 0.2 was calculated. The arbitrary SOP, unstable DOP, and low mean DOP 
indicated that sufficient integration of the EDFL with the fibre-optic communication system 
was not feasible without the optimization of these characteristics. Intracavity polarization 
optimization techniques were not explored at this stage of the project. This was done to 
maintain the simplicity of the EDFL configuration, and because EDFL had been constructed, 
characterized and optimized for maximum optical output power and output power stability at 
this stage of the project. Therefore, external polarization optimization techniques were explored 
to optimize the SOP and DOP of the designed EDFL. 
Three external polarization optimization approaches were explored to optimize the SOP and 
DOP of the EDFL optical output. Through the utilization of a polarization controller at the 
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pump source output and a combination of a polarization controller and linear polarizer at the 
EDFL output, a stable single SOP and a stable and high DOP of 0.99 was achieved. The first 
disadvantage of the external polarization optimization was the significant reduction in the 
EDFL optical output power from 10dBm to 1dBm. However, this power was still sufficient for 
the EDFL integration experimental work. Furthermore, the external polarization optimization 
approach also increased the optical output power fluctuations exhibited by the EDFL and 
consequently reduced the output power stability of the EDFL related to RIN. The reduced 
EDFL output power stability was due to the polarization dependency of the RIN [109]. The 
low EDFL output power stability indicated that the fibre-optic communication system 
employing the designed EDFL as the optical carrier wave may exhibit high RIN. Furthermore, 
a poor transmission quality was anticipated due to the increase in the EDFL optical output 
power fluctuations induced by the external polarization optimization. 
EDFL linewidth 
The next EDFL characteristic of interest before the EDFL integration study was its finite 
linewidth. The linewidth can be defined as the FWHM of the PSD [45]. The linewidth is a 
distance limiting characteristic due to its pulse broadening effects in fibre-optic communication 
systems [73]. The linewidth characterization was important to determine the most suitable 
transmission distance, and consequently a suitable fibre-optic communication system 
configuration. In the EDFL design, the emission frequency and finite linewidth were dependent 
on the quality of the FBG mode selective filter. The FBG mode selective filter used in the 
EDFL cavity had a linewidth of 0.285nm as specified by the manufacturer (Fibrecore). The 
FBG linewidth was not as desirably narrow to achieve an optimal narrow linewidth EDFL 
sufficient for long-haul fibre-optic communication systems application. The manufacturer 
specified FBG linewidth led to the anticipation of a wide EDFL linewidth that would not 
require the employment of high resolution linewidth measurement techniques. Therefore, the 
OSA was used for the EDFL linewidth characterization instead of high resolution coherent 
detection techniques often used for ultra-narrow linewidth characterization. A 0.11nm 
(2.725THz) linewidth was characterized for the EDFL emission spectra. Furthermore, the 
range of frequencies resonating within the characterized EDFL linewidth was evaluated using 
an ESA. The designed EDFL output was characterized to emit a range of frequencies with a 
wide 15GHz bandwidth. These experimental results indicated that the designed EDFL was not 
suitable for application in long-haul fibre-optic communication systems due to the high 
possibility of high chromatic dispersion [74]. Based on the EDFL linewidth characterization 
results, B2B fibre-optic communication system configuration was chosen for the EDFL 
integration studies. The B2B configuration was chosen for its short transmission distance 
characteristic [85]. 
6.7.2. EDFL integration 
The optical output power and polarization optimized EDFL was integrated with the B2B fibre-
optic communication system configuration to meet the first part of the fourth objective. The 
first part of the first research objective was related to evaluating the possibility and efficiency 
of integrating the designed EDFL with a fibre-optic communication system. The possibility 
and efficiency of integrating the designed and optimized EDFL with the fibre-optic 
communication system were evaluated through the receipt of transmitted data by the receiver. 
The receipt of the transmitted data was used as verification of the possibility to integrate the 
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designed EDFL with the B2B fibre-optic communication link. The integration efficiency was 
evaluated by analysing the quality of the high and low intensity levels of the received data 
signal. It was observed that the received data signal exhibited high levels of RIN. The high 
levels of RIN exhibited by received signal were due to the increased EDFL optical output 
power fluctuations induced by the external polarization optimization. The integration 
efficiency experimental study illustrated that it was possible to integrate the designed EDFL 
with a fibre-optic communication system, however, the EDFL was not an optimal optical 
carrier wave for the fibre-optic communication link due to its polarization optimization induced 
high output intensity fluctuations. 
6.7.3. Transmission quality analysis 
The aim of the transmission quality analysis experimental study was to meet the second part of 
the fourth research objective. The second part of the fourth research objective was to evaluate 
the transmission quality of the fibre-optic communication system when the designed EDFL 
was employed as the optical carrier wave. The transmission quality of the fibre-optic 
communication system was evaluated using two methods. The eye pattern was the first 
transmission quality analysis method used, followed by the BER. The eye pattern of the 
received signal was generated by an oscilloscope employed as the communication link receiver. 
The generated eye was vertically fully closed, indicating that the fibre-optic communication 
link exhibited high levels of noise. The noise demonstrated by the closed eye diagram was 
associated with the high levels of RIN observed in the received signal as described by the 
integration efficiency experimental study. The eye diagram method indicated that the 
transmission quality of the fibre-optic communication system employing the designed EDFL 
as an optical carrier wave was poor. Furthermore, the closed eye pattern indicated that the fibre-
optic communication system had a significantly low extinction ratio. However, the 
oscilloscope was unable to measure the extinction ratio of the fibre-optic communication link 
due to the high levels of RIN that fully closed the eye diagram vertically. The eye pattern 
transmission quality measurement technique illustrated that further optimization of the EDFL 
optical output was mandatory for an improved extinction ratio and transmission quality of the 
fibre-optic communication link. 
The BER was the second method planned to evaluate the transmission quality of the fibre-optic 
communication link employing the designed EDFL as the optical carrier wave. However, due 
to the results presented by the integration efficiency and eye pattern transmission quality 
analysis, using the BER tester as planned was not feasible. A second approach was used to 
evaluate the error rate of the communication link. The approach was related to manually 
demodulating a single 128-bit high RIN received signal to recover a noise-free signal that can 
be compared with the PRBS7 packets to evaluate the error rate of the communication link. The 
manual demodulation scheme adhered to envelope detection principles to eliminate the high 
intensity fluctuations in the received signal. The envelope detection principles were used 
because the received high RIN signal resembled an AM signal. The manual demodulation 
approach was successful in recovering a noise-free digital signal. The recovered signal was 
compared and matched to one of the various 128-bit data packets generated by the PRBS7 
pattern generator. A single 128-bit packet was demodulated using the manual demodulation 
approach because it was a tedious process, therefore this approach was not optimal for high-




In this chapter, the fourth research objective to integrate the designed and optimized EDFL 
with a practical fibre-optic communication system and study the integration efficiency and 
transmission quality of the communication link when the EDFL was employed as the optical 
carrier wave was met. The optimal integration of the designed and optimized low complexity 
single-frequency EDFL with a fibre-optic communication system was the main aim of this 
research objective. The integration was achieved through the IM/DD modulation scheme and 
a short-haul transmission realized with a B2B fibre-optic communication link configuration. 
The integration efficiency and transmission quality analysis experimental studies were used to 
meet the fourth research objective. However, before these experimental studies were 
conducted, the compatibility of the designed EDFL with the fibre-optic communication system 
was evaluated. The EDFL compatibility experimental studies were conducted to ensure the 
EDFL output possessed characteristics that would ensure successful integration with the fibre-
optic communication link. 
6.8.1. EDFL compatibility conclusion 
Polarization 
Due to the effects of PMD in fibre-optic communication systems and the polarization 
sensitivity of fibre-optic communication equipment, the EDFL SOP and DOP were first 
evaluated. The polarization experimental characterization illustrated that the designed EDFL 
exhibited arbitrary SOP, and a majority of the EDFL output intensity was linearly polarized. 
Furthermore, it illustrated that the EDFL had an unstable and significantly low mean DOP of 
0.17. After exploring several external polarization optimization techniques, a single SOP and 
high 0.99 DOP was achieved for the EDFL. However, the successful external polarization 
optimization technique had a significantly negative effect on the EDFL optical output power. 
A 9dB power penalty was experienced by the EDFL due to external polarization optimization. 
The large power penalty illustrated the importance of exploring intracavity polarization 
optimization during the design stage of an EDFL. Furthermore, the external polarization 
optimization approach increased the EDFL optical output power fluctuations related to RIN. 
The successful integration of the designed EDFL with the fibre-optic communication system 
was anticipated regardless of the output power penalty and increased optical output power 
fluctuations, however, a poor transmission quality was also anticipated. 
Linewidth 
Due to the distance limiting effect of the linewidth characteristic of optical source in fibre-optic 
communication systems, the EDFL linewidth was characterized. The designed EDFL emission 
frequency and linewidth were dependent on the quality of the FBG mode selective filter used 
in the cavity. Due to the wide 0.285nm FBG linewidth, a wide EDFL linewidth was anticipated. 
Therefore, high resolution coherent detection techniques were not used to measure the EDFL 
linewidth, because the OSA resolution was sufficient to measure the anticipated linewidth. A 
0.11nm (2.725THz) linewidth was measured for the EDFL at the highest resolution of the OSA. 
Furthermore, the range of frequencies resonating within the characterized EDFL linewidth was 
evaluated. Several frequencies over a large 15GHz bandwidth were observed to be resonating 
within the characterized 0.11nm EDFL linewidth. The linewidth characterization experimental 
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results indicated that long transmission distances of above 20Km were not feasible with the 
designed EDFL. A B2B fibre-optic communication system configuration was concluded as the 
optimal configuration to integrate the EDFL due to its short-haul transmission distance 
characteristic. The EDFL compatibility experimental studies illustrated that the polarization 
and linewidth characteristics of the designed EDFL required further optimization during the 
design stage of the project for successful and efficient integration with long-haul fibre-optic 
communication systems. 
6.8.2. EDFL integration 
The integration efficiency experimental study illustrated the successful external modulation of 
the designed EDFL. Therefore, it was possible to integrate the designed EDFL with the fibre-
optic communication system. However, the experimental study also illustrated that the 
efficiency of the integration was poor due to high levels of intensity noise exhibited by the 
received signal. The intensity noise experienced by the received signal was associated with 
increased EDFL optical output power fluctuations induced by the external polarization 
optimization. Therefore, it was concluded the EDFL was not an efficient optical carrier wave 
for the fibre-optic communication system and that the employment of the designed EDFL as 
the optical carrier wave may yield a poor transmission quality for the fibre-optic 
communication system. 
6.8.3. Transmission quality 
The transmission quality of the B2B fibre-optic communication link employing the designed 
EDFL as the optical carrier wave was evaluated by quantifying the extinction ratio using an 
eye diagram and the transmission error rate using the BER method. The eye diagram generated 
for the communication link illustrated that the received signal exhibited extremely high levels 
of noise as concluded by the EDFL integration study. The eye diagram was vertically fully 
closed and the extinction ratio could not be quantified. Therefore, the eye pattern technique to 
quantify the transmission quality of the fibre-optic communication link was unsuccessful. 
Furthermore, the planned BER technique using a BER tester was also unsuccessful due to the 
extremely high levels of RIN exhibited by the received signal. However, a manual 
demodulation scheme adhering to envelope detection principles was used to recover a noise-
free signal. The manual demodulation scheme successfully recovered a 128-bit signal which 
was compared and matched to one of the various data packets generated by the PRBS7 pattern 
generator. However, a single 128-bit packet was demodulated, because the manual 
demodulation scheme used was tedious. Therefore, this demodulation technique may not be 
feasible in future and that the optimization of the EDFL characteristics would be a more optimal 
approach. 
The transmission quality of the B2B communication link employing the designed EDFL as the 
optical carrier wave was undesirably poor. The poor transmission quality of the communication 
link was due to the increased EDFL optical output power fluctuations induced by the external 
polarization optimization. Therefore, the optimization of the EDFL polarization during the 
design stage of the project in future studies would be optimal to eliminate the optical output 
power fluctuations induced by the external polarization optimization techniques. In Chapter 
seven, an overview of this research project will be presented, the research question will be 




CHAPTER 7: CONCLUSION AND FUTURE WORK 
7.1. INTRODUCTION 
In this chapter, the research project is summarized by presenting an overview of the individual 
chapters in this document. This research study adhered to an inductive research approach. The 
inductive approach to conducting research was motivated by a research question that was 
driven by qualitative observation. As a tool to help answer the research question, some research 
objectives were generated. The research question was: 
Can single frequency grating-based fibre lasers be optimized for low complexity while 
still possessing desirable output power qualities for telecommunication applications? 
The four research objectives derived to help answer the research question included: 
1. The design of a low complexity single-frequency fibre laser operating within the C-
band fibre-optic communication frequency band, 
2. Determining the effects of various cavity parameters on the maximum optical output 
power and output power stability related to the relative intensity noise of the designed 
EDFL output beam, 
3. Optimizing the designed EDFL for optimal maximum optical output power and output 
power stability, and 
4. Integrate the designed and optimized EDFL with a fibre-optic communication system 
and study the integration efficiency and transmission quality of the transmission link. 
Each chapter of this document was dedicated to meeting one or two research objectives. To 
answer the research question, an overview of the various conclusions drawn from meeting the 
four research objectives was given. 
7.2. DISCUSSION 
7.2.1. Research background in Chapter one 
EDFLs have found great favour in fibre-optic communication systems, because of their 
attractive qualities such as high optical output power, low RIN, narrow linewidth, and small 
size. The development of grating-based fibre lasers has yielded improved qualities of these 
optical sources. Currently, the most prominent fibre laser sources used in high-speed fibre-
optic communication systems are DFB lasers. DFB FLs possess a significantly small cavity 
that yields a highly monochromatic output beam, low-intensity noise and significantly narrow 
linewidth [23]. The design of the DFB FL cavity is simple compared to the linear and ring 
cavity configurations, however, it requires a specialized manufacturing technique [23]. This 
results in the fabrication of this breed of FLs limited to a few manufacturers and researchers 
with the necessary manufacturing equipment.  
There is a need to develop low complexity FLs possessing the desirable optical carrier wave 
properties for fibre-optic communication systems. Ring cavity EDFLs are also prominent in 
the field of optics. They produce an optical beam possessing attractive qualities for 
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telecommunication applications. However, their design is fairly complex due to their long 
cavities that require various optical components to produce a desired optical output beam [42]. 
Furthermore, the several components used in their design introduce increased intracavity losses 
in the design [22]. However, the construction of the fairly complex ring cavity configuration 
FLs can be replicated with ease using commercially available components and equipment. 
Linear cavity EDFLs are another breed of FLs in the field of optics. Linear cavity configuration 
lasers are famous for their simplicity and their suitability for single-frequency operation [22]. 
Research into linear cavity configuration FLs has diminished over the past few years, because 
of the promising qualities reported for single grating-based FLs such as the ring cavity and 
DFB FLs [16], [23]. 
The design, characterization, and optimization of a low complexity single-frequency fibre laser 
operating with the C-band fibre-optic communication frequency band was the main objective 
of this research project. The first chapter of this dissertation presented the necessary 
background literature of the research study. It further provided important information about the 
research study including the problem discussion, research objectives, research methodology, 
research question, and the dissertation layout. 
7.2.2. The literature presented in Chapter two to help meet objective one 
The first research objective was to design a low complexity, single-frequency fibre laser 
operating with the C-band fibre-optic communication frequency band. The second chapter was 
dedicated to presenting important literature related to fibre laser theory. The chapter began with 
a brief overview of laser fundamentals which had a strong focus on photon and atom 
interactions that result in the absorption and emission processes necessary for optical 
amplification. The fundamental laser cavity structure was also presented in Chapter two, to 
give a theoretical overview of the essential elements of a laser cavity. Thereafter, important 
literature on EDFLs was presented to help build an understanding of FL fundamentals. EDFLs 
were specifically discussed due to their characteristic emission spectrum covering the desired 
C-band fibre-optic communication band as highlighted by the design specification of the first 
research objective. 
EDFL configurations were also discussed in Chapter two to help build an understanding of the 
operating principle of these type of lasers. Lastly, the various advantages and disadvantages of 
FLs were presented to illustrate the importance of the research conducted on this breed of 
lasers. The literature presented in the second chapter was important for any designer to have a 
good understanding of important FL theories. This literature was also important to identify 
EDFLs as the suitable FLs for this research project, to help meet the C-band operation design 
specification highlighted by the first research objective. Furthermore, the literature presented 
in this chapter motivated the selection of the linear cavity configuration for this research 
project. The linear cavity configuration was selected due to its simplicity and suitability for the 
design of single-frequency FLs, to help meet the low complexity and single-frequency design 
specifications highlighted by the first research objective. 
7.2.3. The literature presented in Chapter three to help meet the four research objectives 
The third chapter presented important literature to help meet the first, second, third, and fourth 
research objectives. The literature on the desirable characteristics of optical sources designed 
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for telecommunication applications was presented in this chapter. The desirable EDFL 
characteristics were divided into categories. The EDFL characteristics were categorized 
because the experimental studies conducted during the design stage of the project solely 
considered the EDFL optical output power quality as the most important characteristic for 
telecommunication applications. However, various other characteristics important for an 
optical source designed for telecommunication applications were realized during the 
application stage of the project. Therefore, the literature on EDFL characteristics that were 
characterized and optimized during the design stage of the project was first presented. 
Thereafter, the literature on the EDFL characteristics that were characterized and optimized 
during the application stage of the project was presented. 
The first characteristic discussed was the single-frequency operation in grating-based EDFLs 
to help meet the single-frequency design specification highlighted by the first research 
objective. The second characteristic discussed in Chapter three was related to the EDFL optical 
output power quality to help meet the second and third research objectives. The literature on 
the optical output power optimization technique used in this project to meet the third research 
objectives was also discussed. The characteristics studied during the application stage of the 
project to ensure the successful integration of the designed EDFL with the fibre-optic 
communication link included the EDFL state of polarization and linewidth. The literature on 
these two EDFL characteristics was also presented in this chapter to help meet the fourth 
research objective. Thereafter, the literature on the integration of optical sources with fibre-
optic communication systems was presented. Furthermore, the literature on the communication 
link transmission quality analysis techniques used in this project was also discussed in Chapter 
three to help meet the fourth research objective. 
7.2.4. Objective one met in Chapter four  
In Chapter four, the first research objective was met. The first research objective was to design 
a low complexity single-frequency fibre laser operating within the C-band fibre-optic 
communication frequency band. The literature studied in Chapter two and three were used to 
help meet the first research objective. An EDFL was designed in this project due to the 
characteristic emission spectrum of EDF which covers the desired C-band [18], [38]. The linear 
cavity configuration was adopted in the design of the low complexity single-frequency EDFL. 
This configuration was mainly chosen for its simplicity and its suitability for the realization of 
single-frequency FLs compared to the ring cavity configuration and the DFB FLs [22]. 
Contrary to classic linear cavity configuration EDFLs, the proposed EDFL design employed a 
single FBG mode selective filter to achieve single-frequency operation. The secondary FBG 
found in classic linear cavity configuration EDFLs was substituted with a fibre loop mirror. 
The operating principle of the proposed EDFL design was discussed in Chapter four. 
Furthermore, various advantages of the proposed EDFL design were also discussed in Chapter 
four. The first advantage was related to the simpler and more flexible approach to achieving 
single-frequency operation of the proposed EDFL design at any frequency within the C-band 
compared to classic linear cavity EDFLs. The simplicity and flexibility were enabled by the 
use of the fibre loop mirror as a secondary resonator mirror. The possibility of achieving a 
higher optical output power with the proposed EDFL design compared to classic linear cavity 
EDFLs was another advantage highlighted in this chapter.  
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The low complexity design specification highlighted by the first research objective was 
achieved through comparing the designed EDFL with classic linear cavity EDFLs, ring cavity 
EDFLs, and DFB FLs. When compared to classic linear cavity EDFLs, the proposed EDFL 
design was simpler and more flexible in realizing a single-frequency EDFL operating at any 
frequency within the C-band fibre-optic communication frequency band. This was due to the 
wide bandwidth characteristic of the fibre loop mirror and the dependency of the EDFL 
emission frequency on the single FBG mode selective filter used in the cavity. When compared 
to ring cavity EDFLs, the proposed EDFL design was less complex due to the use of fewer 
components. The schematic design of DFB FLs is fairly simple compared to that of the 
proposed EDFL design. However, the proposed EDFL design using commercially available 
components and equipment was less complex than DFB FLs due to their specialized fabrication 
technique. It was concluded that the proposed EDFL design was an efficient design to realize 
a low complexity single-frequency fibre laser operating within the C-band fibre-optic 
communication frequency band. Therefore, the first research objective was met. 
7.2.5. Objective two and three met in Chapter five 
The second and third research objectives were met in Chapter five. The experimental studies 
presented in Chapter five were conducted during the design stage of the project, before the 
telecommunication applications experimental work. The fibre components used to realize the 
proposed EDFL were first characterized. Thereafter, the proposed EDFL design was 
constructed. The experimental work and results of the characterization and optimization of the 
two EDFL optical output power characteristics were presented to meet the second and third 
research objectives. The designed EDFL optical output power characteristics included the 
maximum optical output power and optical output power fluctuations (stability) that can be 
related to the RIN of an optical source [56], [57]. The two optical output power characteristics 
were optimized due to their undesirable transmission quality effects in fibre-optic 
communication systems as discussed in Chapter three [56], [57]. A simple optimization 
technique that maintained the simplicity of the design was used to optimize the quality of the 
EDFL optical output power. This optical output power optimization technique was related to 
the optimization of key parameters of the EDFL cavity, without changing the basic scheme of 
the linear cavity configuration. This technique has mainly been employed in ring cavity 
configuration EDFLs [22], [30], [62]. 
Component characterization  
Components representing the pump source, gain medium, and the resonator were 
experimentally characterized in Chapter five. Laser pumping was the pumping technique 
selected for this project because it is the most efficient pumping technique for designing fibre 
lasers [28]. A CW 976nm laser diode was used as the pump source of the designed EDFL [90]. 
The first aim of the pump source experimental characterization was to evaluate the operating 
wavelength of the pump source to ensure that it was within the absorption spectra of erbium 
ions. The second aim was to evaluate the optical output power response of the pump source. 
The experimental results illustrated that the operating wavelength of the pump source was 
976nm. The characterized pump source emission wavelength was within the absorption spectra 
of EDF as desired [35]. Furthermore, the pump power exhibited a lineal relationship with the 
induced pump current, and a 75% electrical to optical conversion efficiency was calculated for 
the pump source. 
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The gain medium was the second laser cavity element experimentally characterized in this 
chapter. The gain medium was represented by EDF to ensure the operation of the designed FL 
within the C-band fibre-optic communication frequency band as highlighted by the first 
objective. The ASE is also known as the characteristic gain spectrum of EDF was the main 
interest in the EDF characterization studies. The effects of the erbium ion concentration on the 
gain and bandwidth of the EDF emission response were studied because the erbium ion 
concentration was a key parameter optimized in the EDFL for optimal output power. The 
experimental results illustrated that the gain of the EDF emission response had an inverse 
relationship with the erbium ion concentration. Furthermore, the experimental results 
illustrated that the bandwidth of the EDF emission response experienced a spectrum narrowing 
effect with higher erbium ion concentration EDFs. 
The resonator was the last element of characterization before the construction of the proposed 
EDFL design. An FBG and fibre loop mirror were selected as the two end mirrors of the 
proposed design. This combination of end mirrors was chosen for its simple approach to realize 
a spectrally flexible, higher maximum optical output power, single-frequency EDFL as 
discussed in Chapter four. Characterization experimental studies conducted for the resonator 
element were mainly related to the FBG mode selective filter. The main interests in the FBG 
experimental characterization were its spectral response, specifically the reflection band, and 
its temperature dependence. The FBG reflection band was of interest because it was used to 
achieve single-frequency operation in the proposed EDFL configuration. The temperature 
dependence of the FBG was important to characterize because the wavelength stability of the 
EDFL was dependent on it. 
The aim of the FBG spectral response experimental characterization was to ensure that the 
reflection band of the FBG was within the C-band fibre-optic communication band and the 
emission spectrum of the experimentally characterized EDF to ensure C-band lasing would 
take place. The FBG spectral response experimental results illustrated that the FBG reflection 
band was operating in the C-band and within the EDF emission spectrum. The aim of the FBG 
temperature dependence experimental characterization was to evaluate the FBG reflection band 
dependency on temperature. This study was important to evaluate the possibility of fluctuations 
in the EDFL emission spectrum due to variations in environmental temperature. The 
experimental results illustrated a correlated lineal relationship between the FBG reflection band 
and temperature. A 10pm/oC average temperature sensitivity was calculated for the FBG. The 
experimental results indicated that undesirable fluctuations in the EDFL emission spectrum 
due to temperature variations were possible. Furthermore, these experimental results motivated 
the evaluation of the wavelength stability of the designed EDFL. 
Erbium ion concentration study and optimization 
The EDF representing the gain medium element of the laser cavity was the first EDFL 
parameter studied and optimized. The aim of this experimental study was to investigate and 
optimize the effect of erbium-ion concentration on the EDFL maximum optical output power 
and output power stability. The experimental results illustrated that the EDFL maximum optical 
output power had a lineal relationship with the erbium ion concentration. These experimental 
results indicated that a higher optical output power can be achieved with heavily doped EDFs 
for the designed EDFL. However, the experimental results further illustrated that heavily doped 
EDFs reduced the EDFL output power stability. These experimental results indicated that a 
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more stable EDFL optical output can be achieved with lower erbium ion concentration EDFs 
for the designed EDFL. The EDF erbium ion concentration was a dominant source of the 
optical output power fluctuations in the designed EDFL configuration. The experimental 
results further illustrated that the EDFL threshold power was independent of the erbium ion 
concentration. A moderately doped (2200ppm) erbium ion concentration EDF was the optimal 
gain medium for the designed EDFL. This EDF was selected due to the positive maximum 
optical output power effects associated with higher erbium ion concentration EDFs, and the 
positive output power stability effects associated with lower erbium ion concentration EDFs 
for the designed EDFL. 
Output coupling ratio study and optimization 
The optical output coupling of the EDFL related to the amount of energy extracted from the 
cavity to obtain an optical output was the second EDFL parameter studied and optimized. This 
component formed part of the fibre loop output mirror. The aim of this experimental study was 
to investigate and optimize the effect of the output coupling ratio on the EDFL maximum 
optical output power and output power stability. The experimental results illustrated that the 
EDFL maximum optical output power had a lineal relationship with the output coupling ratio. 
These experimental results indicated that a higher optical output power can be achieved with 
high output ratios of the output coupler for the designed EDFL. Furthermore, the coupling ratio 
was the dominant contributor to achieving a high EDFL maximum optical output power 
compared to other cavity components studied The experimental results further illustrated that 
higher output ratios yielded a higher EDFL output power stability. These experimental results 
indicated that lower optical output fluctuations can be achieved with high output ratios for the 
designed EDFL. These experimental results further indicated that low feedback ratios and the 
continuous pumping of the gain medium were efficient in sustaining stimulated emission in the 
cavity and CW lasing of the EDFL. The experimental results also illustrated that the EDFL 
threshold power was dependent on the output coupling ratio. The optimal output coupler for 
the designed EDFL was the 90/10 coupler with 90% as the output ratio and 10% as the feedback 
ratio. The coupler configuration was selected due to the positive maximum optical output 
power and output power stability effects associated with high output ratios and low feedback 
ratios. 
Cavity length study and optimization 
The cavity length, as the first longitudinal mode filter of a laser cavity, was the last EDFL 
parameter studied and optimized. The aim of this experimental study was to investigate and 
optimize the effect of the cavity length on the EDFL maximum optical output power and output 
power stability. The experimental study was conducted by splicing SMF, in one-meter 
increments, between the butt-coupled ports of the circulator in the fibre loop mirror. The 
experimental results illustrated the EDFL maximum optical output power had an inverse 
relationship with the cavity length. These experimental results indicated that a higher EDFL 
maximum optical output power can be achieved with a short EDFL cavity. The experimental 
results further illustrated that the increase in the cavity length yielded a lower EDFL output 
power stability. These experimental results indicated that lower optical output fluctuations can 
be achieved with the design of shorter EDFL cavities. These experimental results further 
indicated that the cavity length was another major dominant source of optical output power 
fluctuations in the designed EDFL configuration. The experimental results also illustrated that 
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the EDFL threshold power was dependent on the cavity length. The butt-coupled circulator 
ports of the fibre loop mirror, without additional lengths of SMF, was the optimal cavity length 
of the designed EDFL. This cavity length was optimal due to the high EDFL maximum optical 
output power and output power stability associated with a shorter cavity length. 
Wavelength stability evaluation 
The FBG experimental characterization illustrated the significant temperature dependence of 
the FBG reflection band. The FBG reflection band was employed as a mode selective filter to 
achieve the single-frequency operation of the designed EDFL. However, the characterized FBG 
temperature dependency indicated a high possibility of undesirable fluctuations in the EDFL 
optical emission spectrum. Unfortunately, techniques to limit the temperature dependence of 
the FBG was not explored due to time constraints. Therefore, it was mandatory to investigate 
the effect of the FBG reflection band temperature sensitivity on the EDFL wavelength stability. 
This study was important because optical carrier waves with low wavelength stability can result 
in highly undesirable cross-talk and interference in fibre optic systems such as WDM systems 
[102]. 
The experimental study was conducted under two environmental temperature conditions, 
namely, 23oC and 19oC. The EDFL central peak emission wavelength was used to investigate 
the temperature sensitivity of the designed EDFL. The experimental results illustrated that the 
EDFL emission wavelength was dependent on the environmental temperature. The EDFL 
central peak emission wavelength exhibited a temperature sensitivity. The temperature 
sensitivity of the EDFL central peak emission wavelength was due to the temperature 
sensitivity characterized for the FBG. The experimental results further illustrated that low-
temperature conditions result in the downshift of the EDFL central peak emission wavelength. 
Furthermore, the wavelength downshift resulted in lower optical output power and output 
power stability for the EDFL central peak emission wavelength. These experimental results 
indicated that variations in environmental temperature may affect the optical output power 
quality of the designed EDFL. 
Maximum optical output power achieved 
The optical output power optimization technique yielded a high 10dBm maximum output 
power for the designed EDFL. The maximum optical output power was majorly dependent on 
the output coupling ratio of the EDFL cavity. The erbium-ion concentration was the second 
contributor to achieving a higher optical output power. The cavity length had the least 
contribution to the maximum optical output power, an increase in the cavity length reduced the 
EDFL maximum optical output power. 
Output power stability achieved 
The optical output power optimization technique yielded a high 0.14dB optical output power 
stability for the designed EDFL. The dominant source of optical output power fluctuations was 
the erbium-ion concentration in the designed EDFL. The increase in the EDFL cavity length 
was the next major contributor to the optical output power fluctuations exhibited by the EDFL. 




7.2.6. Objective four met in Chapter six 
The last research objective was to integrate the optical output power-optimized low complexity 
single-frequency EDFL with a fibre-optic communication system. These experimental studies 
to meet the fourth research objective were conducted at the Centre for Broadband 
Telecommunication, Nelson Mandela University. The experimental studies to achieve the 
fourth research objective included the compatibility analysis of the designed EDFL with the 
transmission equipment, the integration efficiency, and evaluation of the transmission quality 
of the fibre-optic communication system when the designed EDFL was employed as the optical 
carrier wave. 
EDFL compatibility 
This experimental study was important before integration experimental studies, to ensure that 
the EDFL possessed other characteristics necessary for fibre-optic communication systems that 
were not characterized during the design stage of the project. These characteristics included 
the state of polarization and the linewidth of the designed EDFL. These characteristics were 
important to ensure that the EDFL can be integrated with the polarization sensitive fibre-optic 
communication system and to determine a suitable transmission distance and configuration to 
integrate the EDFL. The state of polarization of the designed EDFL was first experimentally 
characterized. The experimental results illustrated that the designed EDFL exhibited arbitrary 
SOP with an extremely low and unstable DOP. The experimental results indicated that the SOP 
and DOP of the designed EDFL were not optimal for integration with the polarization sensitive 
fibre-optic communication system. 
An external polarization optimization technique was employed to successfully achieve a single 
stable SOP with a high and stable DOP. The output of the EDFL was linearly polarized with a 
0.99 DOP. However, the external polarization optimization technique resulted in a large 9dB 
power penalty and an increase in the optical output power fluctuations exhibited by the 
designed EDFL. The increase in the optical output power fluctuations related to the RIN of the 
EDFL indicated that a poor transmission quality for the communication link employing the 
designed EDFL as the optical carrier wave may be characterized. However, due to the limited 
time spent at the Centre of Broadband Telecommunications, techniques to further optimize the 
EDFL optical output power fluctuations were not explored. These experimental results 
demonstrated the importance of considering the optimization of the EDFL state of polarization 
during the design stage of the project using intracavity polarization optimization techniques. 
 
The EDFL linewidth was also experimentally characterized due to its transmission distance 
limiting effects and the attenuation coefficients of long transmission fibre. The aim of this study 
was to determine the most suitable transmission distance and configuration to integrate the 
EDFL. The experimental results illustrated that the EDFL had a relatively large linewidth of 
0.11nm (2.725THz). These experimental results indicated that the designed EDFL was not 
suitable for long-haul fibre-optic communication systems applications. Due to its short 
transmission distance characteristic, a B2B fibre-optic communication system configuration 
was employed to integrate the designed EDFL. The two experimental studies conducted in the 
EDFL compatibility analysis helped to realize other optical carrier wave characteristics 
important for optical sources designed for telecommunications applications. 
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EDFL integration efficiency 
The aim of this experimental study was to ensure that the designed EDFL was successfully 
integrated with the communication link by modulating it using the IM/DD modulation scheme. 
This experimental study further investigated the integration efficiency by analyzing the quality 
of the transmitted signal through the B2B fibre-optic communication system. The experimental 
results illustrated that modulation of the EDFL was taking place and the data was successfully 
transmitted over the B2B fibre-optic communication system. These experimental results 
indicated that it was possible to integrate the designed EDFL with a fibre-optic communication 
system. However, the experimental results further illustrated that the communication link 
exhibited high levels of RIN. The high RIN was related to the optical output power fluctuations 
of the EDFL induced by the external polarization optimization. These experimental results 
indicated that the designed EDFL was not an efficient optical carrier wave. Furthermore, these 
experimental results indicated that the fibre optic communication link employing the designed 
EDFL as the optical carrier wave may exhibit a poor transmission quality. 
Transmission quality 
The aim of this experimental study was to evaluate the transmission quality of the B2B fibre-
optic communication system employing the designed EDFL as the optical carrier wave. The 
transmission quality evaluated using the eye diagram to quantify the extinction ratio and the 
BER to quantify the error rate of the B2B communication link. The eye diagram was first used 
to evaluate the transmission quality. The experimental results illustrated that the eye pattern 
was vertically fully closed such that it was not feasible to measure the extinction ratio. These 
experimental results indicated that the B2B fibre-optic communication link had an extremely 
low extinction ratio due to the high RIN. These experimental results further indicated that the 
transmission quality of the B2B fibre-optic communication link was extremely poor and that 
the evaluation of the error rate using a BER tester was not feasible. However, a manual 
demodulation approach was proposed to recover an intensity noise-free received signal. The 
manual demodulation scheme was used to eliminate the high intensity fluctuations exhibited 
by the received signal. A single 128-bit packet was demodulated using this approach because 
the data recovery process was tedious. The experimental results illustrated that the manual 
demodulation approach was efficient in recovering a noise-free digital signal. The single 
manually demodulated 128-bit packet was compared and matched to one packet generated by 
the PRBS7 pattern generator. However, due to the tedious process of the manual demodulation 
approach and time constraints, it was not feasible to determine if there were no transmission 
errors in the other transmitted packets. Therefore, it was concluded that the effort to manually 
recover the data was not efficient for high-speed fibre-optic communication systems. It was 
further concluded that the optimization of the EDFL state of polarization which induced the 
high RIN would be an optimal approach to improving the transmission quality. 
 
7.3. CONCLUSION 
A series of conclusions were drawn from meeting the four research objectives. The various 
conclusions drawn from each research objective helped to sufficiently answer the research 
question. The successful design of the EDFL led to the conclusion that it was possible to design 
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a low complexity single-frequency EDFL that can be replicated with ease by various 
researchers using commercially available components and equipment. Furthermore, it was 
concluded that the optical output power optimization technique employed in this project was 
an efficient technique to realize a high power and high power stability EDFL. Moreover, this 
optical output power optimization technique was optimal in this project because it maintained 
the low complexity design specification of the designed EDFL. 
The research question also highlighted that the designed low complexity single-frequency 
EDFL must possess optical output characteristics sufficient for telecommunication 
applications. A low RIN was considered as the primary optical output power characteristic 
desirable for an optical source designed for telecommunication applications [56], [58]. The 
maximum optical output power and output power stability were considered as the primary 
effects of RIN [22], [59]. Therefore, these optical output power characteristics were 
characterized and optimized during the design stage of the project. However, the RIN is also a 
function of polarization [109]. The effect of polarization on the RIN was realized at the 
application stage of the project. The external polarization optimization of the designed EDFL 
exhibiting arbitrary SOP with a low and unstable DOP increased the EDFL optical output 
power fluctuations related to RIN. This effect resulted in a high RIN exhibited by the fibre-
optic communication system using the designed EDFL as the optical carrier wave, and 
consequently resulted in poor transmission quality. Therefore, it was concluded that the 
designed EDFL was not yet sufficient for telecommunication applications. It was also 
concluded that in the future, further optimization of the designed EDFL was mandatory for the 
design to be sufficient for telecommunication applications. 
7.4. FUTURE WORK 
The designed low complexity single-frequency EDFL exhibited undesirably high levels of 
RIN. The high RIN was induced by the EDFL external polarization optimization because the 
RIN was not considered as a function of polarization during the design stage of the project. 
Therefore, in the future, intracavity polarization optimization techniques will be explored 
during the design stage of the project to eliminate the effects of external polarization 
optimization. The intracavity polarization optimization would further eliminate the large output 
power penalty effect of the external polarization optimization. The characterized linewidth of 
the designed EDFL limited the transmission distance of the fibre-optic communication system. 
The relatively large characterized EDFL linewidth was due to the poor quality of FBG mode 
selective filter used in the cavity. Therefore, in the future, the use of a higher quality FBG with 
an ultra-narrow linewidth and high sidelobe suppression ratio, and other linewidth optimization 
techniques will be explored to optimize the EDFL linewidth. The optimization of the linewidth 
would improve the potential of integrating the designed EDFL with long-haul fibre-optic 
communication systems. Lastly, the wavelength stability of the designed EDFL was 
temperature-dependent due to the temperature sensitivity of the FBG mode selective filter. 
Therefore, in the future, the use of athermal packaging around the FBG and other techniques 
to limit its temperature sensitivity will be explored to optimize the wavelength stability of the 
EDFL. The optimization of the EDFL wavelength stability would improve the possibility of 
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